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vid       PREFACE  TO  THE  FIRST  EDITION 


The  pnipose  of  this  book  is  to  explain  the  scientific  principles  of 
the  action  of  **  Prime  Movers,"  or  machines  for  obtaining  motive 
power,  and  to  show  how  those  principles  are  to  be  applied  to 
pi-actical  questions. 

It  has  been  deemed  advisable  to  prefix  to  the  Treatise  a  very 
brief  Historical  Sketch,  relating  chiefly  to  the  Steam  Engine,  the 
only  prime  mover  whose  history  is  known. 

The  body  of  the  work  commences  with  an  Introduction,  treating 
of  principles,  and  of  mechanical  contrivances,  which  are  common 
to  all  prime  movers,  and  of  the  laws  of  the  strength  of  materials, 
so  far  as  they  are  applicable  to  those  machines.  Some  passages 
in  the  Introduction  are  extracted  from  a  previous  Treatise  on 
Applied  Mechanica,  and  abridged  or  amplified  as  may  be  required, 
in  order  to  suit  the  pm-pose  of  the  present  Treatise.  Such  passages 
are  indicated  by  the  letters  A,  M,y  with  a  reference  to  the  number 
of  the  corresponding  Article  in  that  work. 

The  first  part  following  the  Introduction  treats  of  the  use  of 
muscular  strength  to  obtain  motive  power. 

The  second  part  treats  of  prime  movers  driven  by  the  motion  of 
water  and  of  air,  including  water-pressure  engines,  waterwheels, 
turbines,  and  windmills. 

The  third  and  largest  part  treats  of  engines  driven  by  the  me- 
chanical action  of  heat,  and  especially  of  the  steam  engine.  It  ex- 
plains, in  the  first  place,  the  phenomena  of  heat,  so  far  as  they  affect, 
directly  or  indirectly,  mechanical  action  in  engines;  secondly, 
the  laws  of  combustion  and  properties  of  fuel,  and  the  principles 
upon  which  economy  of  fuel  depends;  thirdly,  the  laws  of  the 
action  of  heat  in  producing  motive  power,  or  "PRiNaPLES  OF 
Thermodynamics,"  as  applied  to  the  various  engines  in  which  that 
action  takes  place,  and  especially  to  steam  engines  of  all  varieties; 
fourthly,  the  natui-e  and  action  of  the  parts  of  furnaces  and  boilers; 
fifthly,  the  nature  and  action  of  the  mechanism  of  steam  engines. 

The  fourth  part  explains  the  principles  of  the  action  of  electro- 
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magnetic  engines;  but  yery  briefly^  in  consideration  of  their  small 
impoiiiance  as  prime  movers,  and  absence  of  economy;  the  true 
practical  use  of  electro-magnetism  being,  not  to  drive  machineiy, 
but  to  make  signals;  and  the  subject  of  telegraphy  being  foreign 
to  the  purpose  of  this  work. 

The  principles  of  thermodynamics,  or  the  science  of  the  me- 
chanical action  of  heat,  are  explained  in  the  third  chapter  of  the 
third  part  more  fully  than  would  have  been  necessary  but  for  the 
fact,  that  this  is  the  first  systematic  treatise  on  that  science  which 
has  ever  appeared;  the  only  previous  sources  of  information  re- 
garding it  being  detached  memoirs  in  the  transactions  of  learned 
societies,  and  in  scientific  journals. 

The  experimental  and  practical  examples  used  to  illustrate  the 
application  of  the  principles  of  that  science,  and  of  rules  and  tables 
deduced  from  them,  are,  to  a  considerable  extent,  taken  firom  the 
Author's  personal  observations  of  the  performance  of  marine  engines. 

At  the  end  of  the  book,  as  well  as  interspersed  through  it, 
are  various  tables,  useful  in  calculations  respecting  prime  movers, 
especially  the  steam  engine;  and  many  of  those  tables  contain 
results  which  have  never  before  been  published. 

The  Author  has  endeavoured  to  the  best  of  his  ability  and 
recollection  to  acknowledge,  in  the  course  of  the  book,  the  sources 
from  which  he  has  derived  information.  For  much  of  that  informa- 
tion, for  opportunities  of  inspecting  furnaces,  boilers,  and  engines, 
and  of  making  experiments,  and  in  some  cases  for  drawings  of 
engines,  which  have  been  reduced  to  a  small  scale  to  illustrate  this 
work,  he  has  to  return  his  most  grateful  thanks  to  many  engineers, 
shipbuilders,  manufacturers,  and  men  of  science. 

W.  J.  M.  R 


PREFACE  TO   SIXTEENTH   EDITION. 
Further  revision  has  been  made  upon  the  Sixteenth  Edition, 
and  additional  new  matter  introduced. 

W.  J.  M. 
January  y  1906. 
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HISTORICAL  SKETCH. 

RBLATUtO  aHIBFLT  TO 

THE   STEAM   ENGINE. 


Nations  are  wrongly  accused  of  having,  in  the  most  ancient  times, 
honoured  and  remembered  their  conquerors  and  tyrants  only,  and 
of  having  neglected  and  forgotten  their  benefactors,  the  inventors 
of  the  useful  arte.  On  the  contrary^  the  want  of  authentic  records 
of  those  benefactors  of  mankind  has  arisen  from  the  blind  excess  of 
admiration,  which  led  the  heathen  nations  of  remote  antiquity  to 
treat  their  memory  with  divine  honours,  so  that  their  real  history 
has  been  lost  amidst  the  &bles  of  mythology. 

During  a  period  less  remote,  but  still  ancient,  the  improvers  of 
the  mechanical  arts  were  n^lected  by  biographers  and  historians, 
from  a  mistaken  prejudice  against  practice,  as  being  inferior  in 
dignity  to  contemplation;  and  even  in  the  case  of  men  such  as 
Archytas  and  Archimedes,  who  combined  practical  skill  with 
scientific  knowledge,  the  records  of  their  labours  that  have  reached 
OUT  times  give  but  vague  and  imperfect  accounts  of  their  mechanical 
inventions,  which  are  treated  as  matters  of  trifling  importance  in 
comparison  with  their  philosophical  speculations.  The  same  pre- 
judice, prevailing  with  increased  strength  during  the  middle  ages, 
and  aided  l^  the  prevalence  of  the  belief  in  sorcery,  rendered  the 
records  of  the  progress  of  practical  mechanics,  until  about  the  end 
of  the  fifteenth  century,  almost  a  blank. 

Those  remarks  apply,  with  peculiar  force,  to  the  histoiy  of  those 
machines  called  pbimb  movsrs,  by  whose  aid  power  or  energy  is 
derived  from  natural  sources,  and  made  to  perform  work  for  human 
porposea  It  would  be  vain  to  attempt  to  trace  the  history  of  the 
application  of  muscular  power,  water  power,  or  wind  power,  to  the 
driving  of  machinery.  With  the  exception  of  the  air  engine  and 
some  other  heat  engines,  and  the  electro-magnetic  engine,  which 
are  still  in  their  infancy,  the  stbam  sbtoinb  is  the'only  prime  mover 
whose  history  is  known  with  any  certainty;  and  even  its  origin  is 
lost  in  antiquity. 

The  published  writings  on  the  history  of  the  steam  engine  are 
▼err  numeroua     They  are  to  be  found  at  the  oommenoement  of  all 
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the  large  treatises  on  the  steam  engine,  such  as  Farey*s,  Tredgold*s, 
and  Mr.  Bourne's; — and  of  articles  on  the  same  subject,  and  on 
steam  navigation,  by  Mr.  Scott  Russell.  The  most  complete  col- 
lection of  accounts  of  various  inventions  is  Stuart's  History  oftlte 
Steam  Engine ;  a  book  now  very  scarce.  A  complete  and  exact 
history  of  the  more  important  steps  in  the  progress  of  the  steam 
engine  down  to  the  time  of  Watt,  and  o^  the  inventions  of  Watt 
himself,  is  contained  in  Mr.  Muirhead's  Mechanical  InverUions  of 
James  WaU,  and  Life  of  James  WaU;  works  specially  distinguished 
by  the  fullness  and  precision  with  which  original  documents  and 
authorities  for  facts  are  cited.  It  is  impossible  to  pursue  the  same 
course  within  the  limits  of  the  present  essay,  which  is  only  a 
brief  summary  of  the  leading  events  in  the  histoiy  of  the  steam 
engine. 

The  earliest  written  account  of  mechanism  in  which  heat  is  made 
to  perform  work  by  means  of  steam,  is  contained  in  the  Pneumatics 
of  Hero  of  Alexandria,  who  flourished  about  130  a  c.  That  author 
describes  a  rotatory  engine,  or  steam  turbine,  driven  by  the  reaction 
of  jets  of  steam  issuing  from  orifices  in  revolving  arms,  and  also  an 
engine  in  which  the  pressure  of  steam,  or  of  heated  air  and  vapour 
mixed^  is  made  to  raise  liquid  by  expelling  it  from  a  receiver.  An 
apparatus  similar  to  the  last  is  described  by  Giovanni  Battista 
della  Porta,  in  his  Fneumatica,  published  in  1601,  with  this 
addition,  that  the  condensation  of  steam  within  a  close  vessel  is 
described  as  a  means  of  producing  a  vacuum,  and  thereby  causing 
water  to  ascend  and  fill  the  vessel  A  French  engineer,  Solomon 
de  Cans,  in  a  work  entitled  Les  Raisons  des  Forces  Mouvantes, 
published  in  1615,  described  a  machine  for  propelling  a  jet  of 
water  to  a  great  height  by  the  pressure  of  steam  evaporated  in  the 
same  vessel  from  which  the  water  was  ejected  In  1629,  Branca 
described  an  engine,  in  which  a  wheel  was  driven  round  by  the 
impulse  of  steam  against  vanes.  The  Marquis  of  Worcester,  in  his 
work  called  A  Ceniury  of  the  Names  amd  Scantlings  of  InvoiHonSf 
Ac,  published  in  1663,  described  a  machine  for  raising  water  by 
the  pressure  of  steam.  So  £w  as  the  description  is  intelligible,  it 
appears  that  this  machine  differed  from  that  of  De  Gaus,  in  having 
a  separate  boiler  for  the  production  of  the  steam  which  forced 
water  out  of  other  vessels;  and  it  appears  further,  from  the  Diary 
of  Goemo,  Grand  Duke  of  Tuscany,  that  the  machine  of  the 
Marquis  of  Worcester  had  been  constructed,  and  was  in  operation 
at  vauxhall,  in  1656.  It  is  probable,  that  in  the  time  of  the 
Marquis  of  Worcester,  the  action  of  steam  in  exerting  a  great  pres- 
sure when  confined  within  a  limited  space,  and  the  possibility  of 
raising  water  to  a  height  by  means  of  it,  hiad  become  generally  known 
to  persons  acquainted  witii  mechanics,  and  that  t£e  original  part 
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of  his  machine  was  the  separate  boiler,  without  which  it  would 
have  been  practically  useless.  About  1697,  Savery  invented  an 
engine  in  which  water  was  not  only  (as  in  that  of  Worcester)  forced 
above  the  level  of  the  eugine  by  the  pressure  of  the  steam  from  a 
separate  boiler,  but  was  jdso  raised  to  the  level  of  the  engine,  from 
a  lower  level,  by  the  pressure  of  the  atmosphere,  after  the  conden- 
sation of  the  steam  in  the  water  receiver  by  means  of  cold  water 
externally  applied.  This  engine  was  extensively  used  for  draining 
mines.  In  all  the  machines  hitherto  described,  the  steam  either 
acted  by  its  momentum  alone,  or  by  pressing  directly  on  the  surface 
of  water.  The  first  invention  of  the  impoi'tant  idea  of  making 
steam  afford  the  means  of  driving  a  piston,  which  should  com- 
municate motion  to  mechanism,  appears  to  be  due  to  Denis  Papin, 
who,  about  the  year  1690,  constructed  a  working  model,  consisting 
of  a  vertical  cylinder  with  a  piston.  In  the  lower  part  of  the 
cylinder  was  placed  a  small  quantity  of  water.  On  placing  a  fire 
under  the  cylinder,  the  water  evaporated  and  lifted  the  piston;  on 
removing  the  fire  from  the  cylinder,  or  the  cylinder  from  the  fire, 
the  steam  was  condensed,  and  the  piston  forced  down  by  the  pres- 
sure of  the  atmosphere.  Papin  proposed  that  engines  on  this 
principle  should  be  made  to  work  pumps,  and  also,  by  means  of 
rack  and  pinion  work,  and  ratchet  wheels,  to  drive  paddle  wheels  of 
vessels,  and  other  revolving  mechanism.  Papin  had,  about  ten 
years  before,  invented  the  safety  valve  for  boilers.  In  1705,  New- 
comen,  Savery,  and  Cawley  combined  the  cylinder  and  piston  with 
the  separate  boiler,  and  with  surface  condensation,  and  produced 
the  weU  known  atmospheric  engine  for  pumping  mines.  They 
afterwards  rendered  the  condensation  more  rapid  and  complete  by 
injecting  a  shower  of  cold  water  into  the  interior  of  the  cylinder. 
Apparatus  for  enabling  the  engine  to  open  and  shut  its  own  valves 
was  introduced  by  Humphry  Potter,  and  improved  by  Beighton. 
The  high  pressure  engine  was  invented  in  1725,  by  Leupold. 
About  1770,  the  details  of  the  atmospheric  engine  were  much 
improved  by  Smeaton,  until  it  became,  considering  the  general 
condition  of  practical  mechanics  at  the  time,  a  very  perfect  machine 
in  workmanship  and  mechanism. 

Fig.  I.  shows  a  vertical  section  of  the  principal  parts  of  Savery's 
engine : — ct,  receiver,  in  which  the  steam  presses  on  the  surface  of 
the  water;  b,  ascending  pipe;  c  d,  clacks  opening  upwards;  /, 
boiler;  g,  steam  pipe  from  boiler  to  receiver;  h,  cock,  to  open  and 
close  it;  ik,  flues;  I  m,  gauge  cocks  to  ascertain  the  water  level; 
n,  safety  valve  (it  is  doubtful,  however,  whether  Savery  used  the 
safety  valve);  o,  condensing  cock,  to  let  a  stream  of  cold  water  fall 
on  the  receiver,  and  condense  the  steam.  The  engine  was  worked 
by  opening  and  closing  the  cocks  h  and  o  alternately.     On  opening 
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A,  steam  fi-om  the  boiler  forced  the  water  from  the  receiver  a  up 
through  the  pipe  5;  on  closing  h  and  opening  o,  the  steam  was 


Fig.  I^— Savery's  Engine. 

condensed,  and  the  pressure  of  the  atmosphere  forced  water  up 
through  the  clack  c?,  so  as  to  fill  tlie  receiver  again. 

Two  improvements  made  by  Savery  on  his  engine  are  not 
shown  in  the  figure :  a  second  receiver,  similar  to  a,  and  standing 
alongside  of  it,  to  be  filled  and  emptied  alternately  with  a,  so  as  to 
keep  up  a  continuous  stream  of  water;  and  an  auxiliary  boiler,  or 
heating  vessel,  in  which  water  was  heated  before  being  supplied  to 
the  principal  boiler  /,  and  from  which  the  water  was  forced  into/ 
by  die  pressure  of  steam  when  required. 

Fig.  II.  is  Newcomen's  atmospheric  engine  in  its  earliest  form, 
a,  beam  or  lever;  b,  boiler;  c,  lever  wall;  d,  pump  rod  chain;  «, 
pump  rod;  /,  furnace;  g  g,  counterpoise;  A,  cylinder;  /?,  steam 
pipe;  w,  steam  cock;  I,  tank  for  condensation  water;  rn,  its  supply 
pipe,  coming  fi\)m  the  pump  in  the  pit;  n,  condensation  water 
pipe;  0,  cock;  q,  discharge  pipe  for  water  from  cylinder,  leading 
downwards  to  a  point  thirty-four  feet  below  it  (being  one  atmo- 
sphere of  water);  «,  piston  rod;  x,  piston  rod  chain;  y  z,  sectors 
on  ends  of  beam. 

For  an  example  of  the  atmospheric  engine  in  its  most  perfect 
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state,  reference  may  be  made  to  the  descriptioii  and  drawing  of  the 
"  long  Benton  engine  "  in  Smeaton's  reports. 


Fig.  II. — Newoomen's  Atmospheric  Engine. 

Fig.  III.  is  Lenpold's  proposed  high  pressure  engine,  with  a  pair 
of  cylinders  in  which  the  steam  acts  alternately,  being  admitted 
and  discharged  by  a  "  four- way-cock." 

In  the  history  of  mechaniciJ  art  two  modes  of  progress  may  be 
distinguished — ^the  empirical  and  the  adevUific,  Not  the  practical 
and  the  theortticy  for  that  distinction  is  fallacious :  all  real  progress 
in  mechanical  art,  whether  theoretical  or  not,  must  be  practical 
The  true  distinction  is  this :  that  the  empirical  mode  of  progress 
is  purely  and  simply  practical ;  the  scientific  mode  of  progi-ess  is 
at  once  practical  and  theoretic. 

Empirical  progress  is  that  which  has  been  going  on  slowly  and 
continually  itom  the  earliest  times  to  the  present  day,  by  means  of 
gradual  amelioration  in  materials  and  workmanship,  of  small  suo- 
cessive  augmentations  of  the  size  of  structures  and  power  of 
machines,  and  of  the  exercise  of  individual  ingenuity  in  matters  of 
detail.  This  mode  of  progress,  though  essential  to  the  perfecting 
of  mechanical  art  in  its  details-  is  confined  to  making  small  altera- 


zz 


HISTORICAL  SKETCH. 


tions  on  existing  examples,  and  is  consequently  limited  in  the  range 

of  its  effects. 

Scientific  progress  in  the  mechanical  arts  takes  place,  not  con- 
tinuously, but  at  inter- 
vals, often  distant,  and 
by  great  efforts.  When 
the  results  of  experience 
and  observation  on  the 
properties  of  the  ma- 
terials which  are  used, 
and  on  the  laws  of  the 
actions  which  take  place, 
in  a  class  of  machines, 
have  been  reduced  to  a 
science,  then  the  im- 
provement of  such  ma- 
chines is  no  longer  con- 
fined to  amendments  or 
enlargements  in  detail  of 
previously  existing  ex- 
amples ;  but  fi*om  the 
principlesof  science  prac- 
tical rules  are  deduced, 
showing  not  only  how  to 
bring  the  machine  to  the 
condition  of  greatest  effi- 
ciency consistent  with 
the  available    materials 


Fig.  TIT Leupold*8  Engine. 


and  workmanship,  but  also  how  to  adapt  it  to  any  combination  of 
circumstances,  how  different  soever  fi*om  those  which  have .  pre- 
viously occurred.  When  a  great  advance  has  thus  been  made  by 
scientific  progress,  empirical  progress  again  comes  into  play,  to 
perfect  the  i-esults  in  their  details. 

Up  to  the  period  when  Smeaton  perfected  the  atmospheric 
engine,  the  progress  of  the  "  fii*e  engine,"  as  the  steam  engine  was 
then  called,  had  been  merely  empirical;  and  in  everythmg  that 
depended  on  principle,  the  steam  engine  of  that  period  was  a  most 
rude,  wasteful,  and  inefficient  machine.  Then  came  the  time 
when  science  was  to  effect  more  in  a  few  years  than  mere  em- 
mrical  progress  had  done  in  nineteen  centuries.  In  1759,  James 
Watt  had  his  attention  directed  by  Bobison  to  the  subject  of  the 
steam  engine,  and  for  a  few  years  afterwards  made  various  experi- 
ments on  the  properties  of  steam.  In  1763  and  1764,  Watt,  while 
engaged  in  the  repair  of  a  small  model  of  Newcomen's  engine 
(belonging  to  the  University  of  Glasgow,  and  since  preserved  by 
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that  University  as  the  most  precious  of  relics),*  perceived   the 
various  defects  of  that  machine,  and  ascertained  by  experiment  their 


*  Fig.  IT. — WaU*a  modd  in  Olaagow  Colleg*. 
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causes.  Watt  set  to  work  scientifically  from  the  first  He  studied 
the  laws  of  the  pressure  of  elastic  fluids,  and  of  the  eyaporatiiig 
action  of  heat,  so  far  as  they  were  known  in  his  time;  he  ascer- 
tained as  accurately  as  he  could,  with  the  means  of  experimenting 
at  his  disposal,  the  expenditure  of  fuel  in  evaporating  a  given 
quantity  of  water,  and  the  relations  between  the  temperature, 
pressure,  and  volume  of  the  steam.  Then  reasoning  from  the  data 
which  he  had  thus  obtained,  he  framed  a  body  of  principles  expres- 
sing the  conditions  of  the  efficient  and  economic  working  of  the 
steun  engine,  which  ara  embodied  in  an  invention  described  by 
himself  in  the  following  words,  in  the  specification  of  his  patent  of 
1769:— 

'<  My  method  of  lessening  the  consumption  of  steam,  and  conse- 
quently fuel,  in  fire  engines,  consists  of  the  following  principles : — 

'^  First,  That  vessel  in  which  the  powers  of  steam  are  to  be 
employed  to  work  the  engine,  which  is  called  the  cylinder  in  com- 
mon fire  engines,  and  which  I  call  the  steam  vessel,  must,  during 
tlie  whole  time  the  engine  is  at  work,  be  kept  as  hot  as  the  steam 
that  enters  it;  first,  by  inclosing  it  in  a  case  of  wood,  or  any  other 
materials  that  transmit  heat  slowly;  secondly,  by  surrounding 
it  with  steam  or  other  heated  bodies;  and  thirdly,  by  suffering 
neither  water  nor  any  other  substance  colder  than  the  steam,  to 
enter  or  touch  it  during  that  time. 

''  Secondly y  In  engines  that  are  to  be  worked  wholly  or  partially 
by  condensation  of  steam,  the  steam  is  to  be  condensed  in  vesseb 
distinct  from  the  steam  vessels  or  cylinders,  although  occasionally 
communicating  with  them;  these  vessels  I  call  condensei-s;  and, 
whilst  the  engines  are  working,  these  condensers  ought  at  least  to 
be  kept  as  cold  as  the  air  in  the  neighbourhood  of  the  engines,  by 
application  of  water,  or  other  cold  bodies. 

"  Thirdly,  Whatever  air  or  other  elastic  vapour  is  not  condensed 
by  the  cold  of  the  condenser,  and  may  impede  the  working  of  the 
engine,  is  to  be  drawn  out  of  the  steam  vessels  or  condensers  by 
means  of  pumpe,  wrought  by  the  engines  themselves,  or  otherwise. 

^^FowrQdy,  I  intend,  in  many  cases,  to  employ  the  expansive 
force  of  steam  to  press  on  the  pistons,  or  whatever  may  be  used 
instead  of  them,  in  the  same  manner  in  which  the  pressure  of  the 
atmosphere  is  now  employed  in  common  fire  eiigine&  In  cases 
where  cold  water  cannot  be  had  in  plenty,  the  engines  may  be 
wrought  by  this  force  of  steam  only,  by  discharging  the  steam  into 
the  air  after  it  has  done  its  office. 

'^  LasUy,  Instead  of  using  water  to  render  the  pistons  and  other 
parte  of  the  engines  air  and  steam  tight,  I  employ  oils,  wax, 
resinous  bodies,  fat  of  animals,  quicksilver,  and  other  metals  in 
their  fluid  state." 
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The  expense  of  canying  out  of  Watt's  invention  was  at  first 
defrayed  by  Dr.  John  Roebuck,  the  original  projector  of  the  Carron 
Iron  Works.  On  his  retirement  from  the  enterprise,  his  place  was 
taken  by  Matthew  Boulton  of  Birmingham,  whose  liberality  and 
energy  furnished  all  that  was  necessary  to  render  the  genius  of 
Watt  piacticaUy  ayailable.  Few  patents  have  had  their  validity 
more  obstinately  contested  than  that  of  Watt's  great  invention; 
and  the  successful  result  of  the  trials  of  which  it  was  the  subject 
has  greatly  contributed  to  ascertain  and  fix  the  interpretation  of 
the  patent  laws.  In  1769,  Watt  had  invented  the  cutting-off  the 
admission  of  steam,  so  as  to  make  it  work  expansively,  as  appears 
from  a  letter  of  his  to  his  friend  Dr.  SmalL  He  began  to  use  that 
invention  in  1776,  but  did  not  publish  it  till  1782,  when  he 
patented  along  with  it  his  invention  of  the  double  acting  engine.  It 
IS  certain  that  before  1778,  Watt  had  invented  the  double  acting 
steam  engine,  and  the  application  of  the  crank  to  the  steam  engine ; 
but  the  latter  invention  having  been  pirated  and  patented  by 
another,  Watt  invented  and  patented  other  methods  of  producing 
rotatory  from  reciprocating  motion,  which  were  used  until  the 
patent  for  the  crank  expired;  after  which  time  the  use  of  the  crank 
became  general  The  adaptation  of  the  steam  engine  to  the  pro- 
duction of  rotatory  motion  was  the  crowning  improvement,  which 
led  to  its  employment  as  the  prime  mover  of  every  kind  of 
mechanisuL  In  1784,  Watt  patented  and  published  his  inventions 
of  the  paraUel  motion,  the  counter  for  recording  the  strokes  of 
engines,  the  throttle  valve,  the  governor  for  regulating  the  speed, 
and  the  indicator  for  ascertaining  the  power,  and  also  a  locomotive 
engine;  which  last,  however,  he  did  not  put  in  practice.  The 
improvements  on  the  steam  engine  since  the  time  of  Watt  have 
chiefly  related  either  to  the  boiler  and  furnace,  to  the  details  of  the 
mechanism,  to  the  more  full  development  of  Watt's  principle  of 
using  the  expansive  force  of  the  steam  to  drive  the  piston,  or  to 
the  means  of  applying  the  steam  engine  to  the  propulsion  of 
carriages  and  ships.  The  double  cylinder  engine  was  invented  by 
Homblower  in  1781,  and  was  afterwards  combined  with  Watt's 
condenser  by  Woolf. 

The  history  of  the  application  of  the  steam  engine  to  the  propul- 
sion of  ships  has  been  brought  into  a  very  complete  state  by  the 
compilation,  under  the  direction  of  Mr.  Woodcrofb,  of  abridgments 
of  patents  for  marine  propulsion,  together  with  various  documents 
relative  to  inventions  of  that  class  not  patented  in  Britain. 

It  appears  from  the  correspondence  between  Papin  and  Leibnitz, 
that  Papin  was  present,  in  1698,  at  a  trial  of  a  boat  propelled  by  a 
machine  contrived  by  Savery,  in  which  paddle  wheels  were  driven 
by  a  water  wheel,  which  was  itself  driven  by  water  raised  by  means 
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of  Savery's  steam  engine,  already  mentioned;  and  also  tliat  Papin 
himself,  in  1707,  made  either  a  vessel  or  a  model  of  a  vessel  (it  is 
not  clear  which)  on  a  similar  plan,  with  which  he  waa  on  his  way 
by  the  Fulda  and  Weser  to  England,  when  it  was  taken  from  him 
and  destroyed  by  boatmen. 

In  1736,  Jonathan  Hulls  patented  a  steam  vessel  in  which  paddle 
wheels  were  driven  by  ratchet  work,  acted  upon  by  chains  or  ropes 
attached  to  the  pistons  of  atmospheric  cylinders 

In  1 752,  Daniel  Bemouilli  invented  a  form  of  screw  propeller, 
which  he  proposed  to  drive  by  a  steam  engine. 

In  1781  and  1783,  the  Marquis  de  Jo\}f£roy  executed  and  used 
upon  the  Rhone  two  steam  vessels  of  considerable  size — ^in  the  first 
of  which  paddle  wheeb  were  driven  by  chains,  and  in  the  second 
by  rack  work.  They  are  said  to  have  realized  a  considerable 
speeo. 

The  early  attempts  at  steam  navigation  made  in  France  by  the 
Marquis  de  Jouffroy  in  1781  and  1783,  in  America  by  Rumsey 
and  Fitch  about  1783  and  1784,  and  in  Scotland  in  1788  and 
1789,  by  Miller  of  Dalswinton,  Taylor,  and  Symington,  appear 
to  have  failed  chiefly  because  of  the  imperfect  nature  of  the 
means  employed  for  the  transmission  of  motion  from  the  piston  to 
the  propeller.  In  fact,  Watt's  invention  of  the  rotative  engine, 
which  effects  that  transmission  smoothly  and  without  shocks,  was 
an  indispensable  step  towards  the  success  of  steam  navigation. 
Symington,  instructed  by  the  previous  failure  of  his  engine  in  Mil- 
ler's boat,  availed  himself  of  that  invention,  when  he  built  for  Lord 
Dundas,  in  1801,  the  "Charlotte  Dundas,"  which  was  used  in  1802 
on  the  Forth  and  Clyde  Canal,  with  complete  success  as  a  tug,  but 
abandoned  owing  to  an  apprehension  on  the  part  of  the  directors  of 
injury  to  the  banks.     The  "  Charlotte  Dundas"  (fig.  Y.)  had  one 
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Fig.  y.—The  **  Charlotte  Dundas,**  1801-2. 
paddle  wheel  near  the  stem,  driven  by  a  direct  acting  horizontal 
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engine,  with  a  connecting  rod  and  crank.  The  arrangement  of 
her  mechanism  was  such  as  would  be  considered  creditable  at  the 
present  day;  and  she  has  been  justly  styled  by  Mr.  Woodcrofb 
**  the  first  practical  steamboat." 

Fulton  having  made  himself  well  acquainted  with  what  had  been 
previorisly  done  in  steam  navigation,  began  to  experiment  with  a 
small  paddle  steamer  in  1803.  In  1804,  Stevens  ran  a  steamer 
between  New  York  and  Hoboken,  with  a  screw  propeller,  driven 
by  one  of  Watt's  engines. 

The  establishment  of  steam  navigation  as  a  remunerative  art 
was  first  efiected  in  America,  by  Fulton,  in  1807,  on  the  East 
river;  and  in  Europe,  by  Bell,  in  1812,  on  the  Clyde.  Fulton's 
vessel,  the  "  Clermont,"  was  propelled  by  paddles,  driven  by  an 
engine  made  by  Boulton  and  Watt  Bell's  vessel,  the  "  Comet," 
waa  propelled  by  two  pairs  of  paddle-wheels,  driven  by  an  engine 


Fig.  VI The  "Comet,"  1811-12. 

of  peculiar  design  (fig.  VII.)  Since  that  period  the  advance- 
ment of  steam  navigation  has  consisted  not  so  much  in  the 
development  of  new  principles,  as  in  the  improvement  of  work- 
manship, arrangement,  and  economy  of  fuel,  and  the  progressive 
increase  of  the  size,  power,  and  speed  of  steam-ships,  and  the 
extent  of  their  voyages — the  largest  vessel  yet  built  being  the 
<<  Great  Eastern,"  680  feet  long,  83  feet  broad.  This  vessel  has 
now  been  broken  up.  The  largest  passenger  steamers  at  the  present 
time  are  the  '*  Campania "  and  "  Lucania,"  plying  between  Liver- 
pool and  New  York.  These  vessels  measure  601  feet  in  length  by 
65  feet  broad,  and  about  38  feet  deep ;  tonnage  about  13,000  tona 
They  have  twin  screws,  driven  by  triple-expansion  engines  of 
30,000  I.H.P.  Average  speed  on  voyage  is  21  knots.  The 
highest  speed  attained  by  large  steamers  is  about  21  knots,  but 
boats  of  tne  torpedo  class  exceed  30  knots. 

The  application  of  the  steam  engine  to  locomotion  on  land  was, 
according  to  Watt,  suggested  by  Robison,  in  1769.     In  1784,  Watt 
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patented  a  locomotive  engine,  which,  however,  he  never  executed. 
A.boat  the  same  time   Murdoch,  assistant  to  Watt,  made  a  very 


Fig.  VII.— Engine  of  the  "Comet,"  1811-12. 

efficient  working  model  of  a  locomotive  engine.  I  n  1 802,  Trevithick 
and  Vivian  patented  a  locomotive  engine,  which  was  constructed 
and  set  to  work  in  1804  or  1805.  It  travelled  at  about  five  miles 
an  hour,  with  a  net  load  of  ten  tons.  The  use  of  fixed  steam 
engines  to  drag  trains  on  lailways  by  ropes,  was  introduced  by  Cook 
in  1808. 

After  various  inventors  had  long  exerted  their  ingenuity  in 
vain  to  give  the  locomotive  engine  a  firm  hold  of  the  track  by 
means  of  rackwork-rails,  and  toothed  driving  wheels,  legs,  and 
feet,  and  other  contrivances,  Blackett  and  Hedley,  in  1813,  made 
the  important  discovery  that  no  such  aids  are  required,  the 
adhesion  between  smooth  wheels  and  smooth  rails  being  sufficient. 
To  adapt  the  locomotive  engine  to  the  great  and  widely  varied 
speeds  at  which  it  now  has  to  travel,  and  the  varied  loads  which 
it  now  has  to  draw,  two  things  are  essential — ^that  the  rate  of 
combustion  of  the  fuel,  the  original  source  of  the  power  of  the 
engine,  shall  adjust  itself  to  the  work  which  the  engine  has  to 
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perfbrm,  and  shall,  when  required^  be  capable  of  being  increafed  to 
many  times  the  rate  at  which  fiiel  is  btimed  in  the  furnace  of  a 
stationary  engine  of  the  same  size;  and  that  the  surface  through 
which  heat  is  communicated  from  the  burning  fuel  to  the  water 
shall  be  very  large  compared  with  the  bulk  of  the  boiler.  The  first 
of  these  objects  is  attained  by  the  blast-pipe,  invented  and  used  by 
George  Stephenson  before  1825;  the  second,  by  the  tubular  boiler, 
invented  about  1829,  simultaneously  by  S6guin  in  France  and  Booth 
in  England,  and  by  the  latter  sugg^ted  to  Stephenson.  On  the  6th 
October,  1829,  occurred  that  famous  trial  of  locomotive  engines, 
when  the  prize  offered  by  the  directors  of  the  Liverpool  and  Man- 
shester  Eailway  was  gained  by  Stephenson's  engine,  the  "  Rocket," 
the  parent  of  the  swift  and  powerful  locomotives  of  the  present  day, 
in  which  the  blast-pipe  and  tubular  boiler  are  combined.  (Fig. 
VIII.)    Since  that  time  the  locomotive  engine  has  been  varied  and 


Fig.  VIIL— The  "Rocket,"  1829. 


improved  in  various  details,  and  by  various  engineers.     Its  weight 
now  ranges  from  five  tons  to  sixty  tons;  its  Icwid  from  fifty  to  five 
ht^dred  tons;  its  speed  from  ten  miles  to  sixty  miles  an  hour. 
The  reduction  of  the  laws  which  connect  heat  with  mechanical 
•  dM  Appwidix  for  raoent  developmento  of  the  application  of  Btewn  to  locomotion. 
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energy  to  a  physical  theory,  or  connected  system  of  principles, 
called  the  science  of  Thermodynamics,  is  of  recent  date,  and,  in 
many  respects,  may  be  considered  to  be  still  in  progress.  The  steps 
in  reasoning,  and  in  experimental  knowledge,  which  have  gradually 
led  to  the  formation  of  that  system  of  principles,  are  difficult  to 
trace,  and  more  difficult  to  separate  from  the  history  of  the  two 
kinds  of  mechanical  hypotheses  which  have  been  proposed  as  means 
of  deducing  the  laws  of  heat  from  those  of  motion  and  force; 
for  one  of  &ose  hypotheses — that  which  supposes  the  phenomena  of 
heat  to  be  caused  by  the  presence,  in  greater  or  less  quantity,  of  a 
substance  called  "caloric'* — ^has  been  the  chief  impediment  to  the 
progress  of  the  accurate  knowledge  of  the  laws  of  the  relations 
between  heat  and  motive  power;  while  the  other  hypothesis,  which 
supposes  the  phenomena  of  heat  to  be  caused  by  molecular  vibra- 
tions and  revolutions,  has  been  the  means,  in  some  instances,  of 
anticipating  laws,  and  predicting  numerical  results,  which  have 
since  been  confirmed  by  experiment,  and  in  others,  of  suggesting 
experiments  whereby  important  laws  have  been  discovered. 

In  the  stage  which  our  knowledge  has  now  attained,  it  is  possible 
to  express  the  laws  of  thermodynamics  in  the  form  of  independent 
piinciples,  deduced  by  induction  from  the  facts  of  observation  and 
experiment,  without  reference  to  any  hypothesis  as  to  the  occult 
molecular  operations  with  which  the  sensible  phenomena  may  be 
conceived  to  be  connected;  and  that  course  will  be  followed  in 
the  body  of  the  present  treatise.  But^  in  giving  a  brief  historical 
sketch  of  the  progress  of  thermodynamics,  the  progress  of  the 
hypothesis  of  thermic  molecular  motions  cannot  be  wholly  separated 
from  that  of  the  purely  inductive  theory. 

The  Aristotelian  hot  element,  as  well  as  the  other  ffro/x(<«i 
appears,  so  far  as  we  can  judge,  to  have  been  understood  by 
Aristotle  himself,  not  as  a  mihsiancc,  but  as  one  of  the  states  of 
which  substances  are  susceptible. 

In  the  schdasUc  sense  of  the  term  "  Elementum  Ignis,'*  viz.,  the 
supposed  substance,  afterwards  called  "  phlogiston"  and  "  caloric/* 
Qalileo  disputes  the  real  existence  of  anything  corresponding  to  it, 
and  Bacon  declares  it  to  be  one  of  those  "nonUna  nihilorum"  which 
are  amongst "  Idolafari  molestissima.**  The  hypothesis  of  molecular 
motions  was  maintained  by  Galileo,  Bacon,  Boyle,  Daniel  Bernoulli, 
and  Newton,  and  at  a  later  period  by  Rumford,  Davy,  Leslie,  Mont- 
golfier,  S^guin,  Young,  and  Grove.  Rumford  and  Davy  supported 
it  by  most  remarkable  experiments  on  the  production  of  heat  by 
fnction^-a  phenomenon  which  is  the  key  to  the  whole  science  of 


stating 
)  question  in  the  clear  and  forcible  maimer  peculiar  to  him, 


THEBMODTNAMIGS.  XXIX 

showed  that  the  £sict8  of  experiment,  as  known  in  his  time,  were 
conclusive  against  the  hypothesis  of  substantial  caloria  That  hypo- 
thesis, however,  continued  to  hold  its  ground,  and  to  a  certain 
extent  does  so  still — a  fact  which  is  probably  in  a  great  measure 
owing  to  the  employment  of  its  language  in  works  of  reference,  and 
to  the  popular  tendency  to  ascribe  substantive  existence  to  the  sub- 
ject of  a  name.  The  adoption  of  the  hypothesis  of  thermic  molecu- 
lar motions,  and,  what  is  of  more  importance,  the  abandonment  of 
the  hypothesis  of  substantial  caloric,  have  been  much  promoted  by 
the  series  of  discoveries  which  have  shown,  that  the  communicatiou 
of  light  and  heat  by  radiation,  if  not  actually  consisting  in  the  pro- 
pagation of  molecular  vibratory  movements,  takes  place  according 
to  laws  analogous  to  those  of  the  propagation  of  such  movements, 
and  wholly  at  variance  with  those  of  the  dif^ision  of  any  conceivable 
substance. 

A  most  important  step  towards  the  formation  of  a  true  physical 
theoiy  of  the  relations,  not  only  between  heat  and  motive  power, 
but  between  heat  and  every  other  kind  of  physical  energy,  was 
made  by  Black's  great  discovery  of  latent  heat,  and  by  Watt's  appli- 
cation of  that  discovery  in  the  improvement  of  the  steam  engine. 

The  term  "  latent  heoU,^*  when  freed  finom  hypothetical  notions, 
means^  an  amount  of  that  condition  of  matter  called  heat,  which 
has  disappeared  in  producing  physical  effects  different  from  heat, — 
such  as  expansion,  fusion,  evaporation,  and  chemical  changes, — ^and 
which  may  be  made  to  reappear  by  reversing  the  changes  in  which 
such  physical  effects  consisted, — that  is,  by  compression,  oongelar 
tion,  Uque&ction  of  vapours,  and  inverse  chemical  changes.  The 
progress  in  the  true  theory  of  thermodynamics,  to  which  this  dis- 
covery might  have  led,  was  for  a  long  time  retarded  by  a  fallacious 
principle,  arising  from  the  hypothesis  of  substantial  caloric  in  the 
following  manner : — Let  a  substance  change  from  a  less  bulky  to  a 
more  bulky  condition,  or  from  the  liquid  to  the  gaseous  state,  or 
generally,  from  the  state  A  to  the  state  B,  that  change  being  of 
such  a  nature,  that  according  to  Black's  discovery,  heat  disappears, 
and  some  physical  effect  difierent  from  heat  is  produced  Let  this 
operation  be  called  (A,  B),  and  let  Hj  be  the  amount  of  heat  which 
disappears.  Next,  let  the  substance  change  back  from  the  state  B 
to  the  original  state  A  :  let  this  change  be  called  (B,  A).  It  will 
cause  a  certain  quantity  of  heat  Ho  to  reappear.  If  the  series 
of  intermediate  changes  undergone  by  the  substance  during  the 
process  (B,  A),  be  exactly  the  reverse,  step  for  step,  with  those 
undergone  during  the  process  (A,  B),  everything  done  by  the 
first  process  will  be  exactly  undone  by  the  second;  no  perma- 
nent physical  effect  will  ensue  from  the  combined  processes; 
and  tlie  amount  of  heat  which  reappears,  H^  must  necessarily  be 
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equal  to  the  amount  of  heat  H„  which  formerly  disappeared  Thii 
was  understood  from  the  time  of  the  first  discovery  of  latent  heat; 
and  so  far  there  is  no  fallacy,  but  an  important  truth.  But  it  was 
further  assumed,  that  heat  has  a  substantial  existence,  and  that^ 
consequently,  Hq  =  H|,  under  all  circumstances,  even  although  the 
processes  (A,  B)  and  (B,  A)  should  differ  in  their  intermediate 
steps.  This  assumption  leads  to  the  following  paradoxical  insult, 
which  shows  it  to  be  fallacious.  It  is  known  that  the  process 
(B,  A)  may  be  made  to  differ  from  (A,  B),  in  its  intermediate  steps, 
in  such  a  manner  that  a  permanent  mechanical  effect  shall  be  pro- 
duced by  the  combined  processes.  Now,  if  under  such  circum- 
stances Ho  is  assumed  to  be  still  =  H^,  it  follows,  that  by  employing 
the  mechanical  effect  of  the  combined  processes  in  developing  heat 
by  friction,  we  may  increase  the  amount  of  heat  in  the  universe,  or 
create  caloric; — ^a  consequence  opposed  to  the  original  assumption 
of  the  substantiality  of  oEdoric,  and  proving  that  assumption  to  be 
self-contradictory. 

That  fallacious  assumption  unfortunately  pervaded  the  reasonings 
of  Camot  (son  of  the  great  Camot),  in  his  E^/lexiona  sur  la  Puis- 
eance  Motrice  du  Feu  (Paris,  1824^ — a  work  which,  notwithstand* 
ing  this  fedlacy,  contains  the  first  discovery  of  an  important  law : — 
that  the  ratio  of  the  greateat  possiMe  work  performed  by  a  heat  engine^ 
to  the  tohole  heat  expended,  ia  aftmction  of  die  two  limits  oftemperar 
twre  between  which  the  engine  works,  and  not  of  the  naJtmre  of  the 
substance  employed, — (Thomson's  Account  ofCamot's  Theory,  Edinb. 
Trans,,  1849,  Vol.  xvL) — ^The  fallacy  referred  to  prevented  Camot 
from  discovering  what  that  function  of  the  limits  of  temperature  is. 

The  phenomenon  of  the  development  of  heat  by  the  friction  of  a 
fluid  x)0S8e6ses  peculiar  advantages  as  a  means  of  ascertaining  the 
relations  between  heat  and  mechanical  power,  owing  to  the  sim- 
plicity of  the  action  which  takes  place;  for  at  the  end  of  the  process 
the  fluid  is  left  exactly  in  the  same  condition  as  it  was  at  the 
beginning;  so  that  the  evolution  of  a  certain  amount  of  heat  ia  the 
sole  effect  produced;  and  this  being  compared  with  the  mechanical 
power  expended  in  agitating  the  fluid,  exhibits  in  the  most  simple, 
direct,  accurate,  and  satisfactory  manner  possible,  the  relation 
between  heat  and  mechanical  power.  The  idea  of  subjecting  this 
phenomenon  to  experimental  measurement  appears  to  have  been 
first  put  in  practice  independently  by  M.  Mayer  in  1842,  and  Mr. 
Joule  in  1843.  The  numerical  results  at  first  obtained  were,  as 
was  to  be  expected  in  a  new  kind  of  experiment,  somewhat  rough 
and  inexact;  but,  by  long  perseverance,  Mr.  Joule  increased  the 
exactitude  of  his  methods  of  experimenting,  until  he  succeeded  in 
ascertaining,  by  experiments  on  the  friction  of  water,  oil,  mercuiy, 
air,  and  other  substances,  to  the  accuracy  of  ^iv  of  ita  amount,  if 
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not  more  doselj  still,  the  mechanical  equivalent  of  a  unit  of  heat; 
that  iSy  tlie  nufnber  of  foot-pounds  of  macha/nical  energy  which  must 
be  eoepended  in  order  to  raise  the  temper aJbure  of  one  pound  of  water 
by  one  degree.  For  Fahrenheit's  degree,  that  quantity  is  772  foot- 
pounds: for  the  Centigrade  degree,  f  x  772  =  1389*6  foot-pounds 
(PhiL  Trans,  J  1850).  This,  the  most  important  numerical  constant 
in  molecular  physics,  has  been  styled  by  other  writers  on  the  sub- 
ject "  Joule's  Equivalent,"  in  order  that  the  name  of  its  discoverer 
may  be  perpetuated  by  connection  with  the  most  imperishable  of 
memorials — a  truth.  Mr.  Joule,  at  the  same  time,  proved  by  ex- 
periment the  law  which  had  previously  been  only  a  matter  of 
speculative  theory  with  others:  that  not  only  heat  and  motive 
power,  but  all  other  kinds  of  physical  energy,  such  as  chemical 
action,  electricity,  and  magnetism,  are  convertible  and  equivalent; 
that  is  to  say,  that  any  one  of  those  kinds  of  enei^  may,  by  its 
expenditure,  be  made  the  means  of  developing  any  other  in  certain 
definite  proportions.  Meanwhile,  partly  through  a  theoretical  an- 
ticipation of  this  law,  and  partly  through  the  influence  of  the  hypo- 
thesis of  mcHecuUvr  motions  as  applied  to  heat,  the  formation  of  a 
systematic  theory  of  the  relations  between  heat  and  motive  power 
advanced  Messrs.  Helmholtz  and  Waterston  may  be  referred  to 
as  having  aided  that  progress.  The  investigations  of  the  Count  de 
Pambour  on  the  theory  of  the  steam  engine,  although  not  involv- 
ing the  discovery  of  any  principle  in  thermodynamics  properly 
speaking,  were  conducive  to  the  progress  of  that  science  by  pointing 
out  the  proper  mode  of  applying  mechanical  principles  to  the 
expansive  action  of  an  elastic  fluid 

The  general  equation  of  thermodyncMnics,  which  expresses  the 
relations  between  heat  and  mechanical  energy  under  all  circum- 
stances, was  arrived  at  independently,  and  by  diflerent  methods,  in 

1849,  by  Professor  Clausius  and  the  Author  of  this  work;  and 
published  by  the  former  in  Poggendorff*s  Annalen,  and  communi- 
cated by  the  latter  to  the  Royal  Society  of  Edinburgh  in  Feb- 
ruary, 1850.  {Edin,  Trans,,  1850).  The  consequences  of  that 
equation  have  since  been  developed,  and  applied  to  scientific  and 
practical  questions  in  a  series  of  papers  which  have  appeared  in 
Poggendorff*s  Annden;  the  Philosophical  Magazine  since  1850; 
the  Edinburgh  Philosophical  Jovmal  for  1849  and  1855;  the 
Tran8a4iion8  of  the  Royal  Society  of  Edinburgh^  since  1850,  VoL 
XX. ;  and  the  Philosophical  Transactions  for  1854  and  1859. 

*  Professor  William  Thomson,  adopting  the  true  theory  of  heat,  in 

1850,  not  only  solved  some  new  problems  in  thermodynamics,  and 
devised  and  carried  out,  jointly  with  Mr.  Joule,  some  most  impor- 
tant experiments;  but  he  extended  analogous  principles  to  elec- 
tricity and  magnetism,  and  thereby  created  what  may  justly  be 

•  Now  Lord  KolTln. 
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styled  a  new  science.  His  papers  have  appeared  in  the  TVarwoo 
ticma  of  the  Royal  Society  of  Edinburgh  for  1851,  and  subsequently  in 
the  Philosophical  Magoimie  since  1851,  and  the  Philosophical  Trans- 
actions since  1854.  Numerical  data,  without  which  the  theoretical 
researches  before  refeiTed  to  would  have  been  fruitless,  were  fur- 
nished by  the  experiments  of  Dulong,  and  MM.  Bravais,  Martins, 
Moll,  Yan  Beek,  and  others,  on  the  velocity  of  sound ;  by  those  of 
M.  Rudberg,  on  the  expansion  of  gases;  by  the  experiments,  almost 
unparalleled  for  extent  and  precision,  of  M.  Regnault,  on  the  proper- 
ties of  gases  and  vapours,  made  at  the  expense  of  the  French  Govern- 
ment, and  published  in  the  Proceedings  a/nd  Memoirs  of  the  Academy 
ofScieTices^  from  1847  to  1854;  and  by  the  joint  experiments  of 
Messrs.  Joule  and  Thomson,  on  the  thermic  effects  of  currents  of 
elastic  fluids,  made  at  the  expense  of  the  Bo3ral  Society,  and  pub- 
lished in  the  Philosophical  Transactions  for  1854.  Amongst  later 
experimental  researches  may  be  specially  mentioned  those  of  Messrs. 
Fairbaim  and  Tate  on  the  density  of  steam,  and  those  of  M.  G.  A. 
Him  on  vapours,  and  on  the  disappearance  of  heat  in  steam  engines. 

Hypothesis  op  Molecular  vortices. — In  thermodynamics  as 
well  as  in  other  branches  of  molecular  physics,  the  laws  of  phenomena 
have  to  a  certain  extent  been  anticipated,  and  their  investigation 
facilitated,  by  the  aid  of  hypotheses  as  to  occult  molecular  struc- 
tures and  motions  with  which  such  phenomena  are  assumed  to  be 
connected.  The  hypothesis  which  has  answered  that  purpose  in  the 
case  of  thermodynamics,  is  called  that  of  "  molecular  vortices,"  or 
otherwise,  the  "  centrifugal  theory  of  elasticity."  (On  this  subject, 
see  the  Edirdmrgh  Philosophical  Journal^  1849;  Editiburgh  Trans- 
actioTis,  vol.  XX. ;  and  Philosophical  Magazine,  passim,  especially  for 
December,  1851,  and  November  and  December,  1855.) 

Science  op  Energetics. — Although  the  mechanicad  hypothesis 
just  mentioned  may  be  useful  and  interesting  as  a  means  of  antici- 
pating laws,  and  connecting  the  science  of  thermodynamics  with 
that  of  ordinaiy  mechanics,  still  it  is  to  be  remembered  that  the 
science  of  thermodynamics  is  by  no  means  dependent  for  its  cer- 
tainty on  that  or  any  other  hypothesis,  having  been  now  reduced 
to  a  system  of  principles,  or  general  facts,  expressing  stiictly  the 
results  of  experiment  as  to  the  relations  between  heat  and  motive 
power.  In  this  point  of  view  the  laws  of  thermodynamics  may  be 
regarded  as  particular  cases  of  more  genei-al  laws,  applicable  to  all 
such  states  of  matter  as  constitute  Energy,  or  the  capacity  to  i>er- 
form  work,  which  more  general  laws  form  the  basis  of  the  science 
of  energetics, — a  science  comprehending,  as  special  branches,  the 
tneories  of  all  physical  phenomena.* 

•  Proceedings  of  the  PfUloeophical  Society  of  Glasgow,  1853 ;  Edinburgh 
Philosophical  Journal,  1855. 
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OF   MACHINES   IN   GENERAU 
Section  1. — O/Beaistance  amd  Work. 

1.  The  AcU«n  •r  a  machine  is  to  produce  Motion  against  Besist- 
ance.  For  example,  if  the  machine  is  one  for  lifting  solid  bodies, 
such  as  a  crane,  or  fluid  bodies,  such  as  a  pump,  its  action  is  to 
produce  upward  motion  of  the  lifted  body  against  the  resistance 
arising  from  gravity;  that  is,  against  its  own  weight :  if  the 
machine  is  one  for  propulsion,  such  as  a  locomotive  engine,  its 
action  is  to  produce  hoiizontal  or  inclined  motion  of  a  load  against 
the  resistance  arising  from  friction,  or  from  friction  and  gravity 
combined :  if  it  is  one  for  shaping  materials,  such  as  a  planing 
machine,  its  action  is  to  produce  relative  motion  of  the  tool  and  of 
the  piece  of  material  shaped  by  it,  against  the  resistance  which  that 
materiaJ  offers  to  having  part  of  its  surface  removed  j  and  so  of 
other  machines. 

2.  i^ark.  {A,  J/.,  513.) — The  action  of  a  machine  is  measured,  or 
expressed  as  a  definite  quantity,  by  multiplying  the  motion  which 
it  produces  into  the  resistance,  or  force  directly  opposed  to  that 
motion,  which  it  overcomes;  the  product  resulting  from  that 
multiplication  being  called  work. 

In  Britain,  the  distances  moved  through  by  pieces  of  mechanism 
are  usually  expressed  in  feet;  the  resistances  overcome,  in  pounds 
avoirdupois;  and  quantities  of  work,  found  by  multiplying  dis- 
tances in  feet  by  resistances  in  pounds,  are  said  to  consist  of  so 
many  foot^paimda.  Thus  the  work  done  in  lifting  a  weight  of  one 
pound,  through  a  height  of  one  foot,  is  one  foot-^pov/nd ;  the  work 
done  in  lifting  a  weight  of  twenty  pounds,  through  a  height  of  one 
bundled  feet,  is  20  x  100  =  2,000  foot-pounds. 

In  France,  distances  are  expressed  in  metres,  resistances  overcome 
in  kilogrammes,  and  quantities  of  work  in  what  are  called  hU<h 
ffroffMni^rea,  one  kilogramm^tre  being  the  work  performed  in  lifting 
a  weight  of  one  kilogramme  through  a  height  of  one  m^tre. 

The  following  are  the  proportions  amongst  those  units  of  distanoe, 
resistance,  and  work,  with  their  logarithms  ;«- 

B 


2  UJTRODUCTION. 

LoRarithma 

Odc  mHre  =  3*2808693  feet, 0*515989 

One  foot  =  0-30479721  metres, 1*484011 

One  kilogramme  =  2*20462  lbs.  avoirdupois, 0*343334 

One  lb.  avoirdupois  =  0*453593  kilogramme, i'6^6666 

One  kilogrammdtre  =  7*23308  foot-pounds, 0*859323 

One  foot-pound  =  0*138254  kilograram^tres, 1*140677 

3.  The  WUktm  of  Work  of  a  machine  means,  the  quantity  of  work 
which  it  performs  in  some  given  interval  of  time,  such  as  a  second, 
a  minute,  or  an  hour  {A,  M.,  661),  It  may  be  expressed  in  units 
of  work  (such  as  foot-pounds)  per  second,  per  minute,  or  per  hour, 
as  the  case  may  be;  but  there  is  a  peculiar  unit  of  power  appro- 
priated to  its  expression,  called  a  horse-poweb,  which  is,  in  Britain, 

550  foot-pounds  per  second, 
^^  33jOoo  foot-pounds  per  minute, 
or  1,980,000  foot-pounds  per  hour. 

This  is  also  called  an  actuud  or  real  horse-power,  to  distinguish  it 
from  a  nominal  horse-power,  the  meaning  of  which  will  afterwards 
be  explained.  It  is  greater  than  the  performance  of  any  ordinaiy 
horse,  its  name  having  a  conventional  value  attached  to  it 

In  France,  the  term  force  de  gheval^  or  cheval-vapeur,  is 
applied  to  the  following  rate  of  work  : — 

Foot-lbs. 
75  kilogrammdtres  per  second    a  542^ 

or  4,500  kilogrammdtres  per  minute  =        3^)549 
or  270,000  kilogrammdtres  per  hour      =    i}953)932 

being  about  one-seventieth  part  less  than  the  British  horse-power. 

4.  Triociif. — If  the  velocity  of  ike  motion  which  a  machine  causes 
to  be  performed  against  a  given  resistance  be  given,  then  the  pro- 
duct of  that  velocity  into  the  resistance  obviously  gives  the  rate  of 
work,  or  effective  power.  If  the  velocitv  is  fliven  in  feet  per  second, 
nnd  tne  resistance  in  pounds,  then  their  ptx)auct  is  the  rate  of  work 
in  foot-pounds  per  second,  and  so  of  minutes,  or  hours,  or  other 
units  of  time. 

It  is  usually  most  convenient,  for  purposes  of  calculation,  to 
express  the  velocities  of  the  parts  of  machines  either  in  feet  per 
second  or  in  feet  per  minute.  For  certain  dynamical  calculations 
to  be  afterwards  referred  to,  the  second  is  the  more  convenient 
unit  of  time :  in  stating  the  performance  of  machines  for  practical 
purposes,  the  minute  is  the  unit  most  commonly  employed. 
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Compaarison  of  Different  Measv/rea  of  VelocUy, 


Miles 

Feet                   Feet                Feet 

per  hoar. 

per  second.        per  minnto.        per  hour. 

1 

=    1-46         »     88         =  5280- 

06818 

=    1                 =60          =    3600 

OOII36 

=    0*016        =         1           =60 

1  nautical  mile  ^ 

0-0001893 

=   0-00027    =       o'oi<5  =          I 

per  hour   or  > 
"knot," ) 

=  1-1508 

=    1-688       =    101-27     =   <5o76 

The  units  of  time  being  the  same  in  all  civilized  countries,  the  pro- 
portions amongst  their  units  of  velocity  are  the  same  with  those 
amongst  their  linear  measures. 

5.  Wmrk  ia  Term*  •£  AngaUae  IfloltoB.  {A.  M.,  593.) — ^When  a 
resisting  force  opposes  the  motion  of  a  part  of  a  machine  which 
moves  roimd  a  fixed  axis,  such  as  a  wheel,  an  axle,  or  a  crank,  the 
product  of  the  amount  of  that  resistance  into  its  leverage  (that  is, 
the  perpendicular  distance  of  the  line  along  which  it  acts  from  the 
fixed  axis)  is  called  the  momenty  or  statical  mcmerUy  of  the  resist- 
ance. If  the  resistance  is  expressed  in  pounds,  and  its  leverage  in 
feet,  then  its  moment  is  expressed  in  terms  of  a  measure  which 
may  be  called  a  fooUpound,  but  which,  nevertheless,  is  a  quantity 
of  an  entirely  different  kind  from  a  foot-pound  of  work. 

Suppose  now  that  the  body  to  whose  motion  the  resistance  is 
opposed  turns  through  any  number  of  revolutions,  or  parts  of  a 
revolution;  and  let  T  denote  the  angle  through  which  it  turns, 
expressed  in  revolutions,  and  parts  of  a  revolution;  also,  let 

2  X  -  6-2832 

denote,  as  is  customary,  the  ratio  of  the  circumference  of  a  circle  to 
its  radius.  Then  the  distance  through  which  the  given  resistance 
is  overcome  is  expressed  by 

the  leverage  x  2  »  x  T ; 

that  is,  by  the  product  of  the  circumference  of  a  circle  whose  radius 
is  the  leverage,  into  the  number  of  turns  and  fractions  of  a  turn 
made  by  the  rotating  body. 

The  distance  thus  found  being  multiplied  by  the  resistance  over- 
come,  gives  the  work  performed;  that  is  to  say, 

The  roorh  performed 
=  the  resuitcmce  x  ^  Ufoerage  X  2  «  X  T. 
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But  the  product  of  the  resistance  into  the  leverage  is  what  is  called 
the  moment  of  the  resistance,  and  the  product  2  ^  T  is  called  the 
anguLa/r  motion  of  the  rotating  body;  consequently^ 

Tlie  work  performed 
=  the  moment  of  the  resistance  x  the  angvlar  motion. 

The  mode  of  computing  the  work  indicated  by  this  last  equation 
is  often  more  convenient  than  the  direct  mode  already  explained  in 
Article  2. 

The  angular  motion  2  t  T  of  a  body  during  some  definite  unit  of 
time,  as  a  second  or  a  minute,  is  called  its  angvlar  velocity;  that  is 
to  3ay,  anguUvr  velocity  is  the  product  of  the  turns  and  fractions  of  a 
tm  %  made  in  wn  unit  of  time  into  the  raiio  (2  «•  =  6-2832)  of^M 
eircwn^erence  of  a  circle  to  its  radius.     Hence  it  appears  that 

The  rate  of  work 
^  tlte  moment  oftlie  resistance  x  the  angular  velocity. 

6.  WmtU  In  Teruis  mf  PreMure  and  Volume.  (A.  Jf.,  517.) — If 
the  resistance  overcome  be  a  pressui-e  uniformly  distributed  over  an 
area,  as  when  a  piston  drives  a  fluid  before  it,  then  the  amount  of 
that  resistance  is  equal  to  the  intensity  of  the  pressure,  expressed 
in  units  of  force  on  each  unit  of  area  (for  example,  in  pounds  on 
the  square  inch,  or  pounds  on  the  square  foot)  multiplied  by  tlie 
area  of  the  surface  at  which  the  pressure  acts,  if  that  area  is  per- 
pendicular to  the  direction  of  the  motion ;  or,  if  not,  then  by  the 
projection  of  that  area  on  a  plane  perpendicular  to  the  direction  of 
motion.  In  practice,  when  the  area  of  a  piston  is  spoken  of,  it  is 
always  understood  to  mean  the  projection  above  mentioned. 

Now,  when  a  plane  area  is  multiplied  into  the  distance  through 
which  it  moves  in  a  direction  pei'pendicular  to  itself,  if  its  motion 
is  straight,  or  into  the  distance  through  which  its  centre  of  gi-avity 
moves,  if  its  motion  is  curved,  the  product  is  the  volume  of  tlie 
space  traversed  by  the  piston. 

Hence  the  work  peiformed  by  a  piston  in  driving  a  fluid  before 
it,  or  by  a  fluid  in  driving  a  piston  before  it,  may  be  expressed  in 
either  of  the  following  ways : — 

Resistance  x  distant  traversed 

=  intensity  of  pressure  x  a^"®*  X  distance  traversed; 

=  intensity  of  pressure  x  volume  tra/versed. 

In  order  to  compute  the  work  in  foot-pounds,  if  the  pressure  is 
stated  in  pounds  on  the  square  foot,  the  area  should  be  stated  in 
square  feet,  and  the  volume  in  cubic  feet;  if  the  pressure  is  stated  in 
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ponDds  ou  the  square  incli,  the  area  should  be  stated  in  square  inches^ 
and  the  volume  in  units,  each  of  which  is  a  prism  of  one  foot  in 

length  and  one  square  inch  in  area;  that  is,  of  ^t-q  of  a  cubic  foot 

in  volume. 

The  following  table  gives  a  comparison  of  various  units  in  which 
the  intensities  of  pi-essures  are  commonly  expressed.     {A,  M,,  86.) 

Pounds  on  the  PoancLs  on  the 

square  foot  square  inch. 

One  pound  on  the  square  inch, 1 44  i 

One  pound  on  the  square  foot,.. .:.  i  tIi 

One  inch  of  mercury  (that  is,  weight 

of  a  column  of  mei-cury  at  32** 

Fahr.,  one  inch  high), 7o73  o*49ia 

One  foot  of  water  (at  39°-l  Fahr.),         62  425  o'4335 

One  inch  of  water, 5-2021  0-036125 

One  atmosphere,  of  29*922  inches 

of  mercury,  or  760  millimetres,     2116-3  14-7 

One  foot  of  air,  at  32''  Fahr.,  and 

under  the  pressure  of  one  atmo- 
sphere,   0080728  0-0005606 

One  kilogramme    on   the  square 

mdtre, 0-2048x3  0-00142231 

One  kilogramme    on    the   square 

millimetre,  204813  1422-31 

One  millimetre  of  mercury, 2-7847  0*01934 

7.  Al«cbnilcal  ExprcMton*  for  WmI£.  (A.  M,,  515,  517,  593.) — 
To  express  the  results  of  the  preceding  articles  in  algebraical  sym- 
bols, let 

8  denote  the  distance  in  feet  through  which  a  resistance  is  over- 
come in  a  given  time ; 

K,  the  amount  of  tlie  resistance  overcome  in  pounds. 
Also,  supposing  the  resistance  to  be  overcome  by  a  piece  which 
turns  about  an  axis,  let 

T  be  the  number  of  turns  and  fractions  of  a  turn  made  in  the 
given  time,  and  t  =  2  «*  T  s  6*2832  T  the  angular  motion  in  the 
given  time ;  and  let 

/  be  the  leverage  of  the  resistance ;  that  is,  the  perpendicular 
distance  of  the  line  along  which  it  acts  from  the  axis  of  motion;- 
so  that  8  =  tl,  and  R  Z  is  the  statical  moment  of  the  resistance.  Sup- 
posing the  resistance  to  be  a  pressure,  exerted  between  a  piston  and 
a  fluid,  let  A  be  the  area  or  projected  area  of  the  piston,  and  p  the 
intensity  of  the  pi-essure  in  pounds  per  unit  of  area. 
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Then  the  followiiig  expressions  all  give  quantities  of  work  in  the 
given  time  in  foot-pounds : — 

K«;   tRZ;  p  As  ;   ip  Al. 

The  last  of  these  expressions  is  applicable  to  a  piston  turning  on 
an  axis,  for  which  I  denotes  the  distance  from  the  axis  to  the  centre 
of  gravity  of  the  area  A, 

8.  Work  AgalBMt  au  ObUqne  Force.  (A,  M,,  511.) — The  resist- 
ance directly  due  to  a  force  which  acts  against  a  moving  body  in  a 
direction  oblique  to  that  in  which  the  body  moves,  is  found  by 
resolving  that  force  into  two  components,  one  at  right  angles  to  tho 
direction  of  motion,  which  may  be  called  a  lateral  force,  and  which 
must  be  balanced  by  an  equal  and  opposite  lateral  force,  unless  it 
takes  effect  by  altering  the  direction  of  the  body's  motion,  and  the 
other  component  dir^ly  opposed  to  the  body's  motion,  which  is 
the  resistaaice  required.  That  resolution  is  effected  by  means  of  the 
well  known  principle  of  the  parallelogram  of  forces  as  follows : — 
In  fig.  1,  let  A  represent  ihe  point  at  which  a  resistance  is  over- 

come,  A  B  the  direction  in  which 
""■"""    that  point  is  moving,  and  let  A  F 

be  a  line    whose   direction    and 

length  represent  the  direction  and 
p.    2^  magnitude    of   a  force  obliquely 

opposed  to  the  motion  of  A. 
From  F  upon  B  A  produced,  let  fall  the  perpendicular  F  R ;  the 
length  of  that  perpendicular  will  represent  the  magnitude  of  the 
lateral  component  of  the  oblique  force,  and  the  length  A  R  will 
represent  the  direct  component  or  resistance. 

To  express  this  in  algebraical  symbols,  let  F  denote  the  obliquely 
applied  force,  ^  the  angle  of  its  obliquity,  or  R  A  F,  Q  the  lateral 
force,  and  R  the  resistance;  then 

Q  =  F  •  sin  ^ ;   R  =  F  •  cos  tf. 


9.  0«BiHMUioM  Of  Quaouuca  of  Work. — In  ovoiy  machine,  resist- 
ances are  overcome  during  the  same  interval  of  time,  by  differ- 
ent moving  pieces,  and  at  different  points  in  the  same  moving 
piece;  and  the  whole  work  performed  during  the  given  interval  is 
found  by  adding  together  tiie  several  products  of  the  resistances 
into  the  respective  distances  through  which  they  are  simultaneously 
overcome.  It  ia  convenient,  in  algebraical  S3rmbol8,  to  denote  the 
result  of  that  summation  by  the  symbol — 

2-R«; (1.) 

In  which  2  denotes  the  operation  of  taking  the  sum  of  a  set  of 
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qnantitieB  of  the  kind  denoted  by  the  symbols  to  which  it  u  pre- 
fixed. 

When  the  resistances  are  overoome  by  pieces  turning  apon  axes, 
the  above  sum  may  be  expressed  in  the  form — 

2tRZ; (2.) 

and  so  of  other  modes  of  expressing  quantities  of  work. 

The  following  are  particular  cases  of  the  summation  of  quantities 
of  work  performed  at  different  points : — 

I.  In  a  shifting  piece,  or  one  which  has  the  kind  of  movement 
called  trandcUion  only,  the  velocities  of  every  point  at  a  given  in- 
stant are  equal  and  parallel;  hence,  in  a  given  interval  of  time,  the 
motions  of  all  the  points  are  equal;  and  the  work  performed  is  to 
be  found  by  multiplying  the  sum  of  the  resistances  into  the  motion 
as  a  common  &ctor ;  an  operation  expressed  aJgebi-aically  thus — 

«2R; (3.) 

IL  For  a  twmmg  piece,  the  angular  motions  of  all  the  points 
during  a  given  interval  of  time  are  equal ;  and  the  work  performed 
is  to  be  found  by  multiplying  the  svm  of  the  moments  of  the  resist- 
ances rdativdy  to  the  cuds  into  the  angular  motion  as  a  common 
fiictor — an  operation  expressed  algebraically  thus — 

♦  2-RZ; (4.) 

The  sum  denoted  by  2  •  R  7  is  the  total  mornent  of  resistance  of  the 
piece  in  question. 

lUL  In  every  tram  of  mechanism,  the  proportions  amongst  the 
motions  performed  during  a  given  interval  of  time  by  the  several 
moving  pieces,  can  be  determined  from  the  mode  of  connection  of 
those  pieces,  independently  of  the  absolute  magnitudes  of  those 
motions,  by  the  aid  of  the  science  called  by  Mr.  Willis,  Ptire 
Mechanism,  This  enables  a  calculation  to  be  performed  which  is 
called  reducing  the  resistances  to  the  dricing  point;  that  is  to  say, 
determining  the  resistances,  which,  if  they  acted  directly  at  the 
point  where  the  motive  powvjr  is  applied  to  the  machine,  would 
require  the  same  quantity  of  work  to  overcome  them  with  the 
actual  resistances. 

Suppose,  for  example^  that  by  the  principles  of  pure  mechanism 
it  is  found,  that  a  certain  point  in  a  machine,  where  a  resistance  R 
is  to  be  overcome,  moves  with  a  velocity  bearing  the  ratio  » :  1  to 
the  velocity  of  the  driving  point  Then  the  work  performed  in 
overcoming  that  resistance  will  be  the  same  as  if  a  resistance  n  R 
were  overcome  directly  at  the  driving  point.  If  a  similar  calcula- 
tion be  made  for  each  point  in  the  machine  where  resistance  is 


8 


INTBODTTCfTIOH. 


overcome,  and  the  results  added  together,  as  the  foilowiDg  symbol 
denotes : — 

2  •  n  R, (5.) 

that  sum  is  the  equivalent  resistance  at  the  driving  point;  and  if  in 
a  given  interval  of  time  the  driving  point  moves  through  the  dis- 
tance 8,  then  the  work  performed  in  that  time  is — 


«  2  •  n  R. 


.(6.) 


The  process  above  described  is  often  applied  to  the  steam  engine, 
bj  reducing  all  the  resistances  overcome  to  equivalent  resistances 
acting  directly  against  the  motion  of  the  piston. 

A  similar  method  may  be  applied  to  the  moments  of  resistances 
overcome  by  rotating  pieces,  so  as  to  reduce  them  to  equivatenl 
mometils  at  the  driving  axle.  Thus,  let  a  resistance  R,  with  the 
leverage  l,  be  overcome  by  a  piece  whose  angular  velocity  of  rota- 
tion bears  the  ratio  n  :  1  to  that  of  the  driving  axle.  Then  the 
equivalent  moment  of  resistance  at  the  driving  axle  is  n  R  ^ ;  and 
if  a  similar  calculation  be  made  for  each  rotating  piece  in  the 
machine  which  overcomes  resistance,  and  the  results  added  to- 
gether, th3  sum — 

s-7iRZ (7.) 

is  the  total  equivalent  moment  of  resistance  at  the  driving  axle;  and 
if  in  a  given  interval  of  time  the  driving  axle  turns  through  the 
arc  t  to  radius  unity,  the  work  perform^ed  in  that  time  is — 

ii-nRl (8.) 

IV.  Centre  of  Gravity. — The  work  performed  in  lifting  a  body 
is  the  product  of  the  weight  of  the  body  into  tJve  height  through  which 
its  centre  of  gravity  is  lifted. 

If  a  machine  lifts  the  centres  of  gravity  of  several  bodies  at  once 
to  heights  either  the  same  or  different,  the  whole  quantity  of  work 
performed  in  so  doing  is  the  sum  of  the  several  products  of  the 
weights  and  heights ;  but  that  quantity  can  also  be  computed  by 

multiplying  the  sum  of  all  Ute 
\joexghts  into  the  height  Hvrough 
whicfi,  Hieir  common  centre  of 
gravity  is  lifted, 

10.  Bepreacniatlott  of  W«rk  hy 
an  Area. — As    a    quantity   of 
work   is  the  product    of   two 
quantities,  a  force  and  a  motion, 
Fig.  2.  it  may  be  represented   by  the 

area  of  a  plane  figure,  which  is   the  product  of  two  dimensions. 
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Let  the  base  of  the  rectangle  A,  fig.  2,  represent  one/ooi  of  motion, 
and  its  height  one  pound  of  resistance;  then  ^vill  its  area  represent 
one  foot-pound  of  work. 

In  the  larger  rectangle,  let  the  base  OS  represent  a  certain 
motion  s,  on  the  same  scale  with  the  base  of  the  nnit-area  A;  and 
let  the  height  OR  represent  a  certain  resistance  R,  on  the  same 
scale  with  the  height  of  the  unit-area  A ;  then  will  the  number  of 
times  that  the  rectangle  O  S  '  O  K  contains  the  unit-rectangle  A, 
express  the  number  of  foot-pounds  in  the  quantity  of  work  R  a, 
which  is  performed  in  overcoming  the  resistance  R  through  the 
distance  8. 

11.  WOTk  A«aiMi  Wmrjiu^  Uetamatmrn^  {A.  M.,  515). — In  fig.  3 
let  distances  as  before,  be  re-  y 
presented  by  lengths  measured 
along  the  base  line  O  X  of  the 
figure;  and  let  the  magnitudes 
of  the  resistance  overcome  at 
each  instant  be  represented  by 
the  lengths  of  ordinates  drawn 
perpendicular  to  O  X,  and  paral- 
lel to  O  Y  :  —  For  example, 
when  the  working  body  has  moved  through  the  distance  repre< 
sented  by  O  S,  let  the  resistance  be  represented  by  the  ordinate  SR, 

If  the  resistance  were  constant,  the  summits  of  those  ordinatai 
would  Ue  in  a  straight  line  parallel  to  O  X,  like  R  B  in  fig.  2;  but 
if  the  i-esistance  varies  continuously  as  the  motion  goes  on,  the 
summits  of  the  ordinates  will  lie  in  a  line,  straight  or  cur\^ed,  such 
as  that  marked  £  R  G,  fig.  3,  which  is  not  parallel  to  O  X. 

The  values  of  the  resistance  at  each  instant  being  repi*esented  by 
the  ordinates  of  a  given  line  £  R  G,  let  it  now  be  required  to  deter- 
mine the  work  performed  against  that  resistance  during  a  motion 
represented  by  O  F  =  «. 

Suppose  the  area  O  £  G  F  to  be  divided  into  bands  by  a  series  of 
parallel  ordinates,  such  as  A  C  and  B  D,  and  between  the  upper 
ends  of  those  ordinates  let  a  series  of  short  lines,  such  as  C  D,  be 
drawn  parallel  to  O  X,  so  as  to  form  a  stepped  or  sentited  outline, 
consisting  of  lines  parallel  to  OX  and  O  Y  alternately,  and  approxir 
mating  to  the  given  continuous  line  £  G. 

Now  conceive  the  resistance,  instead  of  varying  continuously,  to 
remain  constant  during  each  of  the  series  of  divisions  into  which 
the  motion  is  divided  by  the  parallel  ordinates,  and  to  change 
abruptly  at  the  instants  between  those  divisions,  being  represented 
for  each  division  by  the  height  of  the  rectangle  which  stands  on 
that  division :  for  example,  during  the  division  of  the  motion  re- 
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presented  by  A  B,  let  the  resistance  be  represented  by  A  C,  and  so 
for  other  divisions. 

Then  the  work  performed  during  the  division  of  the  motion  re- 
presented by  AB,  on  the  supposition  of  alternate  constancy  and 
abrupt  variation  of  the  resistance,  is  represented  by  the  rectangle 
AB-AC;  and  the  whole  work  performed,  on  the  same  supposition, 
during  the  whole  motion  O  F,  is  represented  by  the  sum  of  all  the 
rectangles  lying  between  the  parallel  ordinates;  and  inasmuch  as 
the  supposed  mode  of  variation  of  the  resistance  represented  by  the 
stepped  outline  of  those  rectangles  is  an  approximation  to  the  real 
mode  of  variation  represented  by  the  continuous  line  E  G,  and  is  a 
closer  approximation  the  closer  and  the  more  numerous  the  parallel 
ordinates  are,  so  the  sum  of  the  rectangles  is  an  approximation  to 
the  exact  representation  of  the  work  performed  against  the  conti- 
nuously varying  resistance,  and  is  a  closer  approximation  the  closer 
and  more  numerous  the  ordinates  are,  and  by  making  the  ordinates 
numerous  and  close  enough,  can  be  made  to  differ  from  the  exact 
representation  by  an  amount  less  than  any  given  difference. 

But  the  sum  of  those  rectangles  is  also  an  approximation  to 
the  area  O  E  G  F,  bounded  above  by  the  continuous  line  E  G,  and  is 
a  closer  approximation  the  closer  and  the  more  numerous  the  ordi- 
nates are,  and  by  making  the  ordinates  numerous  and  close  enough, 
can  be  made  to  differ  from  the  area  O  E  G  F  by  an  amount  less 
than  any  given  difference. 

There/ore  the  area  OEGF,  bounded  by  the  straight  line  OF,  which 
represents  the  motion,  by  the  line  E  G,  whose  ordinates  represent  the 
valttes  of  the  resistance,  amdbythe  tioo  ordinates  O  E  and  F  G,  repre- 
sents exacily  the  work  performed. 

The  MEAN  RESISTANCE  during  the  motion  is  found  by  dividing 
the  area  O  E  G  F  by  the  motion  O  F. 

The  following  is  the  mode  of  expressing  the  above  results  in 
algebraical  symbols : — 

Let  any  division  of  the  motion,  such  as  A  B,  be  denoted  by  A«; 
«  =  S  *  A  «  being  the  sum  of  all  these  divisions,  or  the  entire  motion 

OF.  

Let  one  of  the  values  of  the  resistance  for  the  division  A  B  of  the 
motion  be  R;  and  let  this  represent  the  height  AC  of  the  rectangle 
which  stands  on  A  B  in  the  approximate  representation  of  the  work. 
Then 

represents  the  area  of  that  rectangle;  and  the  sum  of  the  whole 
series  of  rectangles,  which  is  an  approximate  representation  of  the 
work  performed,  is  denoted  by 
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The  limit  or  integral  towards  which  that  sum  approximates  as 
the  divisions  A  a  are  increased  indefinitely  in  number,  and  dimi- 
nished indefinitely  in  length,  being  the  area  O  E  G  F,  and  the  exact 
represenJtcOion  of  ike  wyrk  perfiyrmed,  is  denoted  by 


and  the  mean  resistance  by 


/ 
/ 


B.dt 


.(2.) 


Re;* 


(3.) 


To  illustrate  the  application  of  those  principles  by  an  example,  let 
there  be  a  spiral  spring  which  exerts  a  tension  of  100  lbs.  when  it 
is  stretched  one-tenth  of  a  foot,  and  whose  tension  at  other  eloaga* 
tions  varies  simply  as  the  elongation ;  and  let  it  be  required  to  find 
how  much  work  is  performed  in  stretching  it  from  its  ordinary  state 
to  an  elongation  of  0*06  of  a  foot.  In  fig.  4,  on  the  straight 
line  O  X,  take  O  A  to  repi^esent  0*1 
foot,  and  di-aw  A  B  -L  5  X  to  re- 
present 100  lbs.  Draw  the  straight 
line  O  B  ;  then  because  the  tensions 
are  simply  proportional  to  the  elon- 
gations, the  ordinate  R  S  II  A  B  will 
represent  the  tension  R  for  any  given 

elongation  O  S  =  «;  and  the  triangular  area  O  S  R  =  ^*-will  re- 

2 

present  the  work  performed  in  producing  that  elongation.     In  the 

present  case, 

«=:0-06foot;  R=?:?^?g^Ll^=:601bs.;  and 

— ^=  1*8  foot-pounds, 
while  the  mean  resistance  during  the  elongation  is 
^'H.*  =  |=301bs. 

11  A.  Approximate  Compatatloa  of  IntesraU.  (Extracted  from 
A.  M.,  81).— Reference  having  been  made  to  the  process  oiirUegra- 
turn,  the  present  article  is  intended  to  afford  to  those  who  have  not 
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made  that  branch  of  mathematics  a  special  study,  some  elementary 
information  respecting  it. 
The  meaning  of  the  symbol  of  an  integral,  viz. : — 

J  l/dxy 
is  of  the  following  kind : — 

In  fig.  5,  let  A  C  D  B  be  a  plane  area,  of  which  one  boundary,  AB 

is  a  portion  of  an  axis  of  al»ciss» 
OX,  —  the  opposite  boimdary, 
C  D,  a  curve  of  any  figure, — and 
the  remaining  boundaries,  A  C, 
B  D,  ordinates  perpendicular  to 

^    „  «  „    "^  O  X,  whose  respective  abscissae, 

Fig.  6.  or  distances  from  the  origin  O,  are 

CrA  =  a;  03=  6. 

Let  E  F  =  ^  be  any  ordinate  whatsoever  of  the  curve  C  D,  and 
O  E  =  a:  the  coiresponding  abscissa.  Then  the  integral  denoted  by 
the  symbol, 


/ 


ydx, 


means,  the  area  of  the  figure  A  C  D  B.  The  abscissee  a  and  6, 
which  are  the  least  and  greatest  values  of  a;,  and  which  indicate 
the  longitudinal  extent  of  the  area,  are  called  the  limUa  ofirUegror 
turn;  but  when  the  longitudinal  extent  of  the  area  is  otherwise  in- 
dicated, the  symbols  of  those  limits  are  sometimes  omitted,  as  in 
the  preceding  Article. 

When  the  relation  between  y  and  x  is  expressed  by  any  ordinary 
algebraical  equation,  the  value  of  the  integral  for  a  given  pair  of 
values  of  its  limits  can  generally  be  found  by  means  of  formulso 
which  are  contained  in  works  on  the  Integral  Calculus,  or  by  means 
of  mathematical  tables. 

Cases  may  arise,  however,  in  which  y  cannot  be  so  expressed  in 
terms  of  x',  and  then  approximate  methods  must  be  employed. 
Those  approximate  methods  are  founded  upon  the  division  of  the 
area  to  be  measured  into  bands  by  parallel  and  equi-distant  ordi- 
nates, the  approximate  computation  of  the  areas  of  those  bands,  and 
the  adding  of  them  together;  and  the  more  minute  that  division  is, 
the  more  near  is  the  result  to  the  truth.  The  simplest  approxima- 
tion is  as  follows  : — 

Divide  the  area  A  C  D  B,  as  in  fig.  6,  into  any  convenient  num- 
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ber  of  bands  bj  parallel  ordinatesy  whose  uniform  distance  apart 
is  ^  x;  so  that  if  »  be  the  num- 
ber of  bands,  n  +  I  will  be  the       c 
number  of  oidinates,  and 

b  —  a=zn  ^  Xj 


o — ^ 
the  length  of  the  figure.  Fig.  6. 

Let  y,  y",  denote  the  two  ordinates  which  bound  one  of  ths 
bands  j  then  the  area  of  that  band  is 


\^^     '  -^  X,  nea/rly; 


and  consequently,  adding  together  the  approximate  areas  of  all  the 
bands,— denoting  the  extreme  ordinates  as  follows, — 

and  the  intermediate  ordinates  by  y^,  we  find  for  the  approximate 
value  of  the  integral — 

j    y  c?  a;  =  r^!  +  -|5  H-  2'yA  Aaj,  nmrly. 

12.  Vwfai  Work  and  i.osi  Work. — The  useful  work  of  a  ma- 
chine is  that  which  is  performed  in  efiecting  the  purpose  for  which 
the  machine  is  designed.  The  lost  work  is  that  which  is  performed 
in  producing  effects  foreign  to  that  purpose.  The  resistances  over- 
come in  peiforming  those  two  kinds  of  work  are  called  respectively 
useful  resistance  and  prejudicial  resistance. 

The  useful  work  and  the  lost  work  of  a  machine  together  make 
up  its  total  or  gross  loork. 

In  a  pumping  engine,  for  example,  the  useful  work  in  a  given 
time  is  the  product  of  the  weight  of  water  lifted  in  that  time  into 
the  height  to  which  it  is  lifted :  the  lost  work  is  that  performed  in 
overcoming  the  friction  of  the  water  in  the  pumps  and  pipes,  the 
friction  of  the  plungers,  pistons,  valves,  and  mechanism,  and  the 
resistance  of  the  air  pump  and  other  parts  of  the  engine. 

In  many  machines,  there  is  great  difficulty  in  precisely  drawing 
the  line  between  useful  work  and  lost  work,  tn  the  case  of  the 
special  subjects  of  this  treatise,  Pbime  Movers,  that  difiiculty  sel- 
dom exists.  They  are  Tnachines/or  driving  other  machines;  so  that 
their  useful  work  is  that  performed  in  overcoming  the  resistances 
of  the  machines  which  they  drive;  and  their  lost  work  is  that  per- 
formed in  overcoming  their  own  resistances. 
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For  example,  the  useful  work  of  a  marine  steam  engine  in  a 
given  time  is  the  product  of  the  resistance  opposed  by  the  water  to 
the  motion  of  the  ship,  into  the  distance  through  which  she 
moves :  the  lost  work  is  that  performed  in  overcoming  the  resist- 
ance of  the  water  to  the  motion  of  the  propeller  through  it,  the 
friction  of  the  mechanirai,  and  the  other  resistances  of  the  engine, 
and  in  raising  the  temperature  of  the  condensation  water,  of  the 
gases  which  escape  by  the  chimney,  and  of  adjoining  bodiea 

There  are  some  cases,  such  as  those  of  muscular  power  and  of 
windmills,  in  which  the  useful  work  of  a  prime  mover  can  be 
determined,  but  not  the  lost  work. 

13.  FrtctioB.  (Partly  extracted  and  abridged  from  A,  if.,  189, 
190,  191,  204,  and  669  to  685).— The  most  frequent  cause  of  loss 
of  work  in  machines  is  friction — being  that  force  which  acts  be- 
tween two  bodies  at  their  suiface  of  contact  so  as  to  resist  their 
sliding  on  each  other,  and  which  depends  on  the  force  with  which 
the  bodies  are  pi-essed  together.  The  following  law  respecting  the 
friction  of  solid  bodies  has  been  ascertained  by  experiment : — 

The  /riction  which  a  given  pair  of  solid  bodies,  with  their  eurfaces 
in  a  given  condition,  are  capable  o/eocerting,  is  simply  proportional 
to  the  force  vnth  which  they  are  pressed  together. 

There  is  a  limit  to  the  exactness  of  the  above  law,  when  the 
pressure  becomes  so  intense  as  to  crush  or  grind  the  parts  of  the 
bodies  at  and  neai'  their  surface  of  contact.  At  and  beyond  that 
limit  the  friction  increases  more  rapidly  than  the  pressure;  but 
that  limit  ought  never  to  be  attained  at  the  bearings  of  any 
machine.  For  some  substances,  especially  those  whose  surfaces 
are  sensibly  indented  by  a  moderate  pressure,  such  as  timber,  the 
friction  between  a  pair  of  surfaces  which  have  remained  for  some 
time  at  rest  relatively  to  each  other,  is  somewhat  greater  than  that 
between  the  same  pair  of  surfaces  when  sliding  on  each  other. 
That  excess,  however,  of  the  friction  of  rest  over  the  friction  of 
motion,  is  instantly  destroyed  by  a  slight  vibration;  so  that  the 
friction  of  motion  is  alone  to  be  taken  into  account  as  causing  con- 
tinuous loss  of  work.  In  general,  the  bearings  of  machines  ought 
not  to  be  left  long  enough  at  rest  at  a  time  to  allow  the  friction 
sensibly  to  increase  beyond  the  friction  of  motion. 

The  friction  between  a  pair  of  bearing  surfaces  is  calculated  by 
multiplying  the  force  with  which  they  are  directly  pressed  together, 
by  a  factor  called  the  co-efficient  of  friction,  which  has  a  special 
value  depending  on  the  nature  of  the  materials  and  the  state  of  the 
surfaces  as  to  smoothness  and  lubrication.  Thus,  let  R  denote  the 
friction  between  a  pair  of  surfaces;  Q,  the  force,  in  a  direction  per* 
pendicular  to  the  surfaces,  with  which  they  are  pressed  together ; 
andythp  co-efficient  of  friction;  then 
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The  co-efficient  of  friction  of  a  given  pair  of  surfaces  is  the  tan- 
gent of  an  angle  caUed  the  cmgle  qfrepose,  being  the  greatest  angle 
which  an  oblique  pressure  between  the  surfaces  can  make  with  a 
perpendicular  to  them,  without  making  them  slide  on  each  other. 

The  following  is  a  table  of  the  angle  of  repose  ^,  the  co-efficient 
of  friction  /=  tan  ^,  and  its  reciprocal  1  :f,  for  the  materials  of 
mechanism— condensed  from  the  tables  of  General  Morin,  and 
other  sources^  and  arranged  in  a  few  comprehensive  classes.  The 
values  of  those  constants  which  are  given  in  the  table  have  re- 
ference to  the yHc^ton  ofrtwHon,*    (See  page  553.) 


Na 


Surfaces. 

Wood  on  wood,  dry, , 

„  „     soaped, 

Metals  on  oak,  dr>', 

»  n      wet, 

„  „      soapy, 

Mttttk  on  elm,  dry, 

Hemp  on  oak,  dry, 

»i  II     wetj 

I  eather  on  oak, 

Leather  on  metals,  dr}', 

II  II        wet, 

If  )i       g««8yi 

11  II         oily, 

Metals  on  metals,  dry, : 

II  11        wet, 

Smooth  surfaces,  occasionally  greased, 
„  „  continually  greased, 
„  „        best  reeolts, 

Bronze  on  lignnm  vitA,  constantly  wet. 


/ 


1:/ 


14°  to  26i° 
lli*»to2^ 
26^°  to  SI** 
13j«tol4j° 

lljo 
11 J^  to  14* 

28'' 

18i« 
16°  to  \^' 

29J° 

20° 
13° 

8i° 
8j°tollJ* 

16.}° 
4°  to  4i° 

3° 
lj°  to  2« 

3°? 


•88 


•25  to  -6 

•2  to  -04 

•6  to  -6 

•24  to  *26 

•2 
•2to^25 

•58 

•33 
•27  to 

•56 

•36 

•23 

•15 
•15  to  2 

•3 
•07  to  -08 

•06 
•08  to  •ose 

•05? 


4to2 

5  to  25 

2  to  1^67 

4^17  to  3^85 

5 

5  to  4 

1-89 

3 

87  to  2-86 

1-79 

2^78 

435 

6-67 

6-67  to  6 

d^83 

14  3  to  12-5 

20 

33'3  to  27-6 
20? 


*  In  a  paper,  of  which  an  abstract  has  appeared  in  the  Cmnptes  Rendus  of  the 
French  Academy  of  Sciences  for  the  26th  of  April,  1868,  M.  H.  Bochet  describes  a 
aeries  of  experiments  which  have  led  him  to  the  conclusion,  that  the  friction  between 
a  pair  of  snr&oeB  of  iron  is  not,  as  it  has  hitherto  been  believed,  absolutely  in- 
dependent of  the  velocity  of  sliding,  but  that  it  diminishes  slowly  as  that  velocity 
Increases,  according  to  a  law  expressed  by  the  following  formula.    Let 

R  denote  the  friction ; 

Q,  the  pressure ; 

r,  the  velocity  of  sliding,  in  metres  per  seomd  =  velocity  in  feet  per  second 
X0^8048; 

/  a,  y,  constant  oo-efficients;  then 

Q  "~    1  +at> 
ThefcUowhig  are  the  values  of  the  co-efficients  deduced  by  M.  Boebet  from  bis 
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14.  UngaeatB. — ^Three  results  in  the  preceding  table,  Nos.  16, 17, 
and  18,  have  reference  to  smooth  firm  surfaces  of  any  kind,  greased 
or  lubricated  to  such  an  extent  that  the  friction  depends  chiefly  on 
the  continual  supply  of  unguent,  and  not  sensibly  on  the  nature  of 
the  solid  surfaces;  and  this  ought  almost  always  to  be  the  case  in 
machinery.  Unguents  should  be  thick  for  heavy  pressures,  that 
they  may  resist  being  forced  out,  and  thin  for  light  pressures,  that 
their  viscidity  may  not  add  to  the  resistance. 

Unguents  may  be  divided  into  four  classes,  as  follows  : — 

I.  Water,  which  acts  as  an  unguent  on  siufaces  of  wood  and 
leather.  It  is  not,  however,  an  unguent  for  a  pair  of  metallic 
suifaces;  for  when  applied  to  them,  it  increases  their  friction. 

II.  Oily  tmguents,  consisting  of  animal  and  vegetable  fixed  oils^ 
as  tallow,  lard,  seal  oil,  castor  oil,  and  olive  oil.  The  vegetable 
drying  oils,  such  as  linseed  oil,  are  unfit  for  unguents,  as  they 
absorb  oxygen,  and  become  hard.  Mineral  oils,  and  also  graphite, 
are  now  largely  used  as  lubricants. 

III.  Soapy  ungueiUSj  composed  of  oil,  alkali,  and  water.  For  a 
temporary  purpose,  such  as  lubricating  the  ways  for  the  launch  of 
a  ship,  one  of  the  best  unguents  of  this  class  is  soft  soap,  made  from 
whale  oil  and  potash,  and  used  either  alone  or  mixed  with  tallow. 
But  for  a  permanent  puq)ose,  such  as  lubricating  railway  carriage 
axles,  it  is  necessary  that  the  unguent  should  contain  less  water 
and  more  oil  or  fatty  matter  than  soft  soap  does,  otherwise  it 
would  diy  and  become  stiff*  by  the  evaporation  of  the  water.  The 
best  grease  for  such  purposes  does  not  contain  more  than  fix)m  25 
to  .30  per  cent,  of  water;  that  which  contains  40  or  50  per  cent. 
is  bad. 

IV.  BUtimtnous  unguents,  in  which  liquid  mineral  hydrocarbons 
are  used  to  dissolve  and  dilute  oily  and  fatty  substances. 

The  intensity  of  the  pressure  between  a  pair  of  greased  surfaces 
ought  not  to  be  so  great  as  to  force  out  the  unguent  The  follow- 
ing formula  agrees  very  fairly  with  the  results  of  practice : — 

Let  V  be  the  velocity  of  sliding,  in  feet  per  second ;  p,  the  greatest 
proper  intensity  of  pressure,  in  lbs.  on  the  square  inch;  then 

44800 
^  "  60  v  +  20' 
p  ought  not  in  any  case  to  exceed  1200. 

experiments,  for  iron  surfaces  of  wheels  and  skids  nibbing  longitndinally  on  iroa 
raits : — 

/,  for  drv  surfaces,  0*8,  0  26,  0  2;  for  damp  surfaces,  0-14. 

a,  for  wheds  sliding  on  rails,  0  03;  for  skids  sliding  on  rails,  0*07. 

y,  not  yet  determined,  but  treated  meanwhile  as  inappreciably  small. 
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The  toork  performed  in  a  given  time  in  overcoming  the  friction 
between  a  pair  of  surfaces  is  the  product  of  that  friction  into  the 
distance  through  which  one  surface  slides  over  the  other. 

When  the  motion  of  one  sur£su;e  relatively  to  the  other  consists 
in  rotation  about  an  axis,  the  work  performed  may  also  be  cal- 
culated by  multiplying  the  relative  aflgular  motion  of  the  surfieusos 
to  radius  unity  into  the  moment  o/Jriction  ;  that  is,  the  product  of 
the  Miction  into  its  leverage,  which  is  the  mean  distance  of  the 
rubbing  surfaces  from  the  axis. 

For  a  cylindrical  journal,  the  leverage  of  the  friction  is  simply 
the  radius  of  the  journal. 

For  a  fi(U  pivot,  the  leverage  is  two-thirds  of  the  radius  of  the 
pivot. 

For  a  collar,  let  r  and  r'  be  the  outer  and  inner  radii;  then  the 
leverage  of  the  friction  is 

2  »■» /' 

3  V  — /« ^^'^ 

For  "  Schidea  anti-friction  pivot,*^  whose  longitudinal  section  is 
the  cui-ve  called  the  "  tractrix/'  the  moment  of  friction  is/  x  the 
load  X  the  external  radius.  This  is  greater  than  the  moment  for 
an  equally  smooth  flat  pivot  of  the  same  radius;  but  the  anti-fric- 
tion pivot  has  the  advantage,  inasmuch  as  the  wear  of  the  surfaces 
is  uniform  at  every  point,  so  that  they  always  fit  each  other  accu- 
rately, and  the  pressure  is  always  uniformly  distributed,  and  never 
becomes,  as  is  the  case  in  other  pivots,  so  intense  at  certain  points 
as  to  force  out  the  unguent  and  grind  the  surfaces. 

In  the  cup  and  ball  pivot,  the  end  of  the  shaft,  and  the  step  on 
which  it  presses,  present  two  recesses  facing  each  other,  into  which 
are  fitted  two  shallow  cups  of  steel  or  hard  bronze.  Between  the 
eoncave  spherical  surfaces  of  those  cups  is  placed  a  steel  ball,  being 
either  a  complete  sphere,  or  a  lens  having  convex  surfaces  of  a 
somewhat  less  radius  than  the  concave  surfaces  of  the  cups.  The 
moment  of  friction  of  this  pivot  is  at  first  almost  inappreciable, 
from  the  extreme  smallness  of  the  radius  of  the  circles  of  contact 
of  the  ball  and  cups;  but  as  they  wear,  that  radius  and  the  moment 
of  friction  increa.se. 

By  the  rolling  of  two  surfeices  over  each  other  without  sliding,  a 
resistance  is  caused,  which  is  called  sometimes  "  rolling  friction," 
but  more  correctly  rolling  resistance.  It  is  of  the  nature  of  a  couple 
resisting  rotation ;  its  moment  is  found  by  multiplying  the  normal 
pressure  between  the  rolling  surfaces  by  an  arm  whose  length 
depends  on  the  nature  of  the  rolling  surfaces;  and  the  work  lost 
in  an  unit  of  time  in  overcoming  it  is  the  product  of  its  moment 
by  the  angular  velocity  of  the  rolling  sur&ces  relatively  to  each 
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other.    The  following  are  approximate  values  of  the  arm  in  decinuds 
of  afoot: — 

Oak  upon  oak, o*oo6  (Coulomb). 

Lignum-vitae  on  oak,.. 0-004         — 

Cast-iron  on  cast-iron, 0*002  (Tredgold). 

The  work  lost  in  friction  produces  heat  in  the  proportion  of  one 
British  theimal  unit,  being  so  much  heat  as  raises  the  temperature 
of  a  pound  of  water  one  degree  of  Fahrenheit,  for  every  772  foot- 
pounds of  lost  work. 

The  heat  produced  by  friction,  when  moderate  in  amount,  is 
useful  in  softening  and  liquefying  unguents;  but  when  excessive, 
it  is  prejudicial  by  decomposing  the  unguents,  and  sometimes  even 
by  softening  the  metal  of  the  bearings,  and  raising  their  tempera- 
ture so  high,  as  to  set  fire  to  neighbouring  combustible  matters. 

Excessive  heating  is  prevented  by  a  constant  and  copious  supply 
of  a  good  unguent.  The  elevation  of  temperature  produced  by  the 
friction  of  a  journal  is  sometimes  used  as  an  experimental  test  of  the 
quality  of  unguents.  When  the  velocity  of  rubbing  is  about  four 
or  five  feet  per  second,  the  elevation  of  tempei-ature  has  been  found 
by  some  recent  experiments  to  be,  with  good  fatty  and  soapy  un- 
guents, 40°  to  50°  Fahrenheit,  with  good  mineral  unguents  about  30°. 

Ua.  Work  of  Acc«i«nuioii.  {A,  J/.,  12, 521-33,536,547,549, 554, 
589,  591,  593,  595-7.V--In  order  that  the  velocity  of  a  body's 
motion  may  be  changed,  it  must  be  acted  upon  by  some  other  body 
with  a  force  in  the  direction  of  the  change  of  velocity,  which  force 
is  proportional  directly  to  the  change  of  velocity,  and  to  the  mass 
of  the  body  acted  upon,  and  inversely  to  the  time  occupied  in  pro- 
ducing the  change.  If  the  change  is  an  acceleration  or  increase  of 
velocity,  let  the  first  body  be  called  the  driven  body,  and  the  second 
the  drimTig  body.  Then  the  force  must  act  upon  the  driven  body 
in  the  diiH^ction  of  its  motion.  Every  force  being  a  pair  of  equal 
and  opposite  actions  between  a  pair  of  bodies,  the  same  force  which 
accelerates  the  diiven  body  is  a  resistcmce  as  respects  the  driving 
body. 

For  example,  during  the  commencement  of  the  stroke  of  the 
piston  of  a  steam  engine,  the  velocity  of  the  piston  and  of  its  rod  is 
accelerated ;  and  that  acceleration  is  produced  by  a  certain  part  of 
the  pressure  between  the  steam  and  the  piston,  being  the  excess  of 
that  pressure  above  the  whole  resistance  which  the  piston  has  to 
overcome.  The  piston  and  its  rod  constitute  the  driven  body;  the 
■team  is  the  driving  body;  and  the  same  part  of  the  pressure  which 
accelerates  the  piston,  acts  as  a  resistance  to  the  motion  of  the 
steam,  in  addition  to  the  resistance  which  would  have  to  be  over- 
come if  the  velocity  of  the  piston  were  uniform. 
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The  resistance  due  to  aooeleration  is  computed  in  the  following 
manner : — It  is  known  by  experiment,  that  if  a  body  near  the 
earth's  surface  is  accelerated  by  the  attraction  of  the  earth, — that 
is,  by  its  own  weight,  or  by  a  force  equal  to  its  own  weight,  its 
velocity  goes  on  continually  increasing  very  nearly  at  the  i^ate  of 
32*2  fed  per  second  of  additional  vdocUy^for  etkch  second  during 
which  the  force  acts.  This  quantity  varies  in  different  latitudes,  and 
at  different  elevations,  but  the  value  just  given  is  near  enough  to 
the  truth  for  purposes  of  mechanical  engineering.  For  brevity's 
flake,  it  is  usually  denoted  by  the  symbol  g',  so  that  if  at  a  given 
instant  the  velocity  of  a  body  is  v^  feet  per  second,  and  if  its  own 
weight,  or  an  equal  force,  acts  freely  on  it  in  the  direction  of  its 
motion  for  t  seconds,  its  velocity  at  the  end  of  that  time  will  have 
increased  to 

Vi  =  v^  +  gt (1.) 

If  the  aooeleration  be  at  any  different  rate  per  second,  the  force 
necessary  to  produce  that  a>coeleralion,  being  the  resistance  on  the 
driving  body  due  to  the  (uxderation  of  the  driven  body,  bears  the  same 
proportUm  to  the  driven  body's  weigM  which  the  actual  rate  of  accele- 
ration bears  to  the  rate  of  accderation  produced  by  graivity  acting 
Jredy. 

To  express  this  by  symbols,  let  the  weight  of  the  driven  body  be 
denoted  by  W.  Let  its  velocity  ^t  a  given  instant  be  Vi  feet  per 
second ;  and  let  that  velocity  increase  at  an  uniform  rate,  so  that 
at  an  instant  t  seconds  later,  it  is  Vt  feet  per  second. 

Let/  denote  the  rate  of  acceleration ;  then 

/=^'; (2.) 

and  the  force  K  necessary  to  produce  it  will  be  given  by  the  pro- 
portion, 

g./.-.W-.-R; 

that  is  to  say, 

/WW  (t,,  -  r.) 

9  9^ 

W 

The  fector  — ,  in  the  above  expression,  is  called  the  mass  of  the 
g 
driven  body ;  and  being  the  same  for  the  same  body,  in  what  place 
soever  it  may  be,  is  held  to  represent  the  quantity  of  matter  in  the 
body.     (See  Appendix,  page  557.)* 

The  product ^^  of  the  mass  of  a  body  into  its  velocity  at  any 

•The  ateo/iKe  unU  of  force  ie  that  force  which,  ectiiig  for  %  eecond  on  »  unit  of  m-e, 
I  a  luaii  of  Telocity. 
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instant,  is  called  its  momentum;  so  tliat  the  resistance  due  to  a 
given  acceleration  is  equal  to  the  increase  ofmomeni^m  divided  by 
the  time  which  tfiat  increase  occupies. 

If  the  product  of  the  force  by  which  a  body  is  accelerated,  equal 
and  opposite  to  the  resistance  due  to  acceleration,  into  the  time 
during  which  it  acts,  be  called  impulse,  the  same  principle  may  be 
otherwise  stated  by  saying,  that  the  increase  of  momentum  is  equal 
to  the  impulse  by  which  it  is  caused. 

If  the  rate  of  acceleration  is  not  constant,  but  variable,  the  force 
It  varies  along  with  it.     In  this  case,  the  value,  at  a  given  instant 

of  the  rate  of  acceleration,  is  represented  by/*  --       and  the  coi^ 

a  t 

responding  value  of  the  force  is 

/W_W     dv 

^=T-T'dt <^> 

The  WORK  PERFORMED  in  accelerating  a  body  is  the  product  of 
the  resistance  due  to  the  rate  of  acceleration  into  the  distance 
moved  through  by  the  driven  body  while  the  acceleration  is  going 
on.  The  i-esistance  is  equal  to  the  mass  of  the  body,  multiplied  by 
the  increase  of  velocity,  and  divided  by  the  time  which  that 
increase  occupies.  The  distance  moved  through  is  the  product  of 
the  mean  velocity  into  the  same  time.  Therefore,  the  work  per- 
formed is  equal  to  the  mass  of  the  body  multiplied  by  the  increase 
of  the  velocity,  and  by  the  mean  velocity;  that  is,  to  tJie  mass  of 
the  body,  multiplied  by  tlie  increase  of  the  half-square  of  its  velocity. 

To  express  this  by  symbols,  in  the  case  of  an  uniform  rate  of 
acceleration,  let  s  denote  the  distance  moved  through  by  the  driven 
Dody  during  the  acceleration;  then 

*  =  --2~*> (^•) 

which  being  multiplied  by  equation  3,  gives  for  the  work  of  accel* 
eration, 

W    i;^  -  r,    i?j,  +  V,           W    t?5  -  t?; 
^'=7"-  ■"T~-~2~  -^=7-   ~2~ <^> 

In  the  case  of  a  vaidable  mte  of  acceleration,  let  v  denote  the  mean 
velocity,  and  ds  the  distance  moved  through,  in  an  interval  of  time 
dt  BO  short  that  the  increase  of  velocity  g^  t;  is  indefinitely  small 
oompared  with  the  mean  velocity.     Then 

ds  =  vdt', (7.) 
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wliich  being  multiplied  by  equation  4,  gives  for  the  work  of  aocel- 
elation  during  the  interval  d  t, 

tias  =  —   .  --—   ,  V  a  I 
g       (it 

=  ^    .  vdv; (8.) 

and  the  integrcUion  of  this  expression  (see  Article  11a)  gives  for 
the  work  of  acceleration  during  a  finite  interval, 

f   \i  d  a  =  —  \vdv:=: —   .    -^ — ? (9.) 

J  g  J  g  2  ^    ' 

being  the  same  with  the  result  already  arrived  at  in  equation  6. 

From  equation  9  it  appears  that  t?ie  work  performed  in  prodvdng 
a  given  accelercUion  depends  on  the  initial  and  final  velocities^  Vj  arid 
v,,  and  not  on  the  intermediate  changes  of  velocity. 

If  a  body  falls  freely  under  the  action  of  gravity  from  a  state  of 
rest  through  a  height  A,  so  that  its  initial  velocity  is  0,  and  its  final 
velocity  r,  the  work  of  acceleration  performed  by  the  earth  on  the 
body  ia  simply  the  product  W  h  of  the  weight  of  the  body  into  the 
heigb^t  of  fiEdL     Comparing  this  with  equation  6,  we  find — 

'  =  f, (^«-) 

This  quantity  is  called  the  Jieight,  or  fall,  dv/e  to  the  velocity  \ 
and  from  equations  6  and  9  it  appears  that  Ots  work  performed  in 
prodvdng  a  given  acceleration  is  the  samw  tdth  thoit  performed  in 
lifting  the  driven  body  through  tlie  difference  of  the  heights  due  to  its 
initial  and  final  velocities. 

If  work  of  acceleration  is  performed  by  a  prime  mover  upon 
bodies  which  neither  form  part  of  the  prime  mover  itself,  nor  of  the 
machines  which  it  is  intended  to  drive,  that  work  is  lost;  as  when 
a  marine  engine  performs  work  of  acceleration  on  the  water  that  is 
struck  by  the  propeller. 

Work  of  acceleration  performed  on  the  moving  pieces  of  the 
prime  mover  itself,  or  of  the  machinery  driven  by  it,  is  not  neces- 
sarily lost^  as  will  afterwards  appear. 

15.  SaMHUUl^ii  of  HTmIe  of  AccclcnUlon— Hoiiient  of  ■Berila--B«- 
ilaced  laertta.  — If  several  pieces  of  a  machine  have  their  yelocities 
increased  at  the  same  time,  the  work  performed  in  accelerating  them 
is  the  sum  of  the  seyeral  quantities  of  work  due  to  the  acceleration 
uf  the  respective  pieces;  a  result  expressed  in  symbols  by 


{^•^-i^i ('•> 
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The  process  of  finding  that  sum  is  facilitated  and  abridged  iu 
certain  cases  by  special  methods. 

L  Accelerated  BotcOwn^-Afamem  of  IneHia,— Let  a  denote  the 
angular  velocity  of  a  solid  body  rotating  about  a  fixed  axis;— that 
is,  as  explained  in  Article  5,  the  velocity  of  a  point  in  the  body 
whose  radius- vector,  or  distance  fix)m  the  axis,  is  unity. 

Then  the  velocity  of  a  particle  whose  distance  fix)m  the  axis 
is  r,  is 

^  =  ar; (2.) 

and  if  in  a  given  interval  of  time  the  angular  velocity  is  accelerated 
from  the  value  a,  to  the  value  a„  the  increase  of  the  velocity  of  the 
particle  in  question  is 


Vt 


-  vi  =  r(a.  -  a,) (3.) 

Let  w  denote  the  weight,  and  -  the  mass  of  the  particle  in  ques- 
tion. Then  the  work  performed  in  accelerating  it,  being  equal  to 
the  pix>duct  of  its  mass  into  the  increase  of  the  half-square  of  its 
velocity,  is  also  equal  to  the  product  of  its  mass  into  the  sqwjvre  ofiU 
radvus-vedor,  a/nd  irUo  the  increase  of  the  half-square  of  the  wngfulwr 
vdocUy;  that  is  to  say,  in  symbols, 

7'~2-=  T'-^- ^'-^ 

To  find  the  work  of  acceleration  for  the  whole  body^  it  is  to  be  con- 
ceived to  be  divided  into  small  particles,  whose  velocities  at  any 
given  instant,  and  also  their  accelerations,  are  proportional  to  their 
distances  from  the  axis ;  then  the  work  of  acceleration  is  to  be  found 
for  each  particle,  and  the  results  added  together.  But  in  the  sum  so 
obtained,  the  increase  of  the  half-square  of  the  angular  velocity  is  a 
common  &ctor,  having  the  same  value  for  each  particle  of  the  body; 
and  the  rate  of  acceleration  produced  by  gravity,  ^  =  32*2,  is  a 
common  divisor.  It  is  therefore  sufficient  to  add  togetlier  the  pro- 
ducts of  the  weight  of  ea/ch  pwrtide  (w)  imto  the  squa/re  of  its  radius* 
vector  (r^,  and  to  multiply  the  sum  so  obtained  (2  '  w  ^  by  the  in- 

crease  of  the  half  square  of  tlie  angular  velocity  (-  (aj  -  a?)  j ,  and 

divide  by  the  rate  of  acceleration  due  to  grwvUy  (g).  The  result^ 
viz.: — 

j/lf    .    llUlUlzL^f    .    2u,t- (5.) 

\g  2       )  2g 

is  the  work  of  acceleration  sought  In  fact,  the  sum  2  to  r*  is  <Ad 
u)eight  qf  a  body,  which,  \f  concentrated  at  the  distance  unity  from 


tfOMENT  OF  INERTIA — ^REDUCED  INERTIA.  23 

Me  aais  ofroUUwny  wctuld  require  tits  saane  work  to  produce  a  given 
increoM  of  angvlcur  vdocUy  which  the  actucU  body  requires. 

The  term  moment  of  inertia  is  applied  in  some  writings  to  the 
sum  2W  f*y  and  in  others  to  the  corresponding  mass  2  w?  r*  -j-  gr. 
For  purposes  of  mechanical  engineering,  the  sum  2  «?  r*  is,  on  the 
whole,  the  most  convenient,  bearing  as  it  does  the  same  relation  to 
angular  acceleration  which  weight  does  to  acceleration  of  linear 
velocity. 

The  Rctdius  ofGyraJtion^  or  Mean  Radius  of  a  rotating  body,  is  a 
line  whose  square  is  the  mean  of  the  squares  of  the  distances  of  its 
particles  from  the  axis;  and  its  value  is  given  by  the  following 
equation : — 

^--^ w 

so  that  if  we  put  W  ^  2  «?  for  the  weight  of  the  whole  body,  the 
moment  of  inertia  may  be  represented  by 

I  =  We' (7.) 

The  following  examples  of  radii  of  gyration  of  bodies  of  different 
figures  rotating  about  their  axes  of  figure  are  extracted  from  a  more 
•xtensive  table  \n.  A.M.,bl%\ — 

SQUARE  OF 
FIGURE  OF  SOLID. 

oviax/.  RADIUS  OF  GYRATION. 

Sphere  of  radius  r, — =— 

Spherical  shell— external  radius  r,  internal  /, ^  :  ,  ""    J 

2  r* 
Spherical  shell,  insensibly  thin,  radius  r, -^ — 

0^.^^^^.. \ 

Hollow  cylinder  or  ring,  external  radium  r,  internal  /,     — 5 — 

Hollow  cylinder  or  ring,  insensibly  thin,  radius  r, r* 

The  square  of  the  radius  of  gyration  of  a  body  rotating  about  an 
axis  which  does  not  traverse  its  centre  of  gravity,  is  equal  to  the 
square  of  its  radius  of  gyration  about  a  pandiel  axis  traversing  its 
centre  of  gravity,  added  to  the  square  of  the  distance  between  fliose 
two  axes. 

II.  Inertia  Reduced  to  the  Driving  PoinL—Jf  by  the  principles  of 
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pure  mechanism  it  is  known,  that  in  a  machine,  a  certain  moving 
piece  whose  weight  is  W,  has  a  velocity  always  beaiiug  the 
ratio  n :  1  to  the  velocity  of  the  driving  point,  it  is  evident  that 
when  the  driving  point  undergoes  a  given  acceleration,  the  work 
I)erformed  in  producing  the  corresponding  acceleration  in  the  piece 
in  question  is  the  same  with  that  which  would  have  been  required 
if  a  weight  w"  W  had  been  concentrated  at  the  driving  point 

If  a  similar  calculation  be  performed  for  each  moving  piece  in  the 
machine,  and  the  results  added  together,  the  sum 

S-w«  W (8.) 

gives  the  weight  which,  being  concentiuted  at  the  driving  point, 
would  require  the  same  work  for  a  given  acceleration  of  the  driving 
point  that  the  actual  machine  requires ;  so  that  if  t?!  is  the  initial, 
and  Va  the  final  velocity  of  the  driving  point,  the  work  of  accelera- 
tion of  the  whole  machine  is 

!llJ!?  .  2-n«W (9.) 

This  operation  may  be  called  the  reduction  of  tlie  inertia  to  tha 
driving  point.  Mr.  Moseley,  by  whom  it  was  first  introduced  into 
the  theory  of  machines,  calls  the  expression  (8.)  the  "co-efficieni  of 
steadincifs"  for  reasons  which  will  afterwards  appear. 

In  finding  the  reduced  inei-tia  of  a  machine,  the  mass  of  each 
rotating  piece  is  to  be  treated  as  if  concentrated  at  a  distance  from 
its  axis  equal  to  its  radius  of  gyration  « ;  so  that  if  v  represents  the 
velocity  of  the  driving  point  at  any  instant,  and  a  the  corresponding 
angular  velocity  of  the  rotating  piece  in  question,  we  are  to  make 


_  »v 


.(10.) 


in  performing  the  calculation  expressed  by  the  formula  (8.) 

16.  Summanr  of  Tarions  Kiuda  of  Work. — In  order  to  present  at 
one  view  the  symbolical  expression  of  the  various  modes  of  perform- 
ing work  described  in  the  preceding  articles,  let  it  be  supposed  that  in 
a  certain  interval  of  time  d  t  the  driving  point  of  a  machine  moves 
through  the  distance  ds;  that  during  the  same  time  its  centre  of 
gravity  is  elevated  through  the  height  dh;  that  resistances,  any 
one  of  wliich  is  represented  by  R,  are  overcome  at  points,  the  re- 
spective ratios  of  whose  velocities  to  that  of  the  driving  point  are 
denoted  by  n ;  that  the  weight  of  any  piece  of  the  mechanism  is  W,  and 
that  n'  denotes  the  ratio  of  its  velocity  (or  if  it  rotates,  the  ratio  of 
the  velocity  of  the  end  of  its  radius  of  gyration)  to  the  velocity  of 
the  driving  point;  and  that  the  driving  point,  whose  mean  velocity 
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fa  r  =     -,  undergoes  the  acceleration  dv.     Then  the  wliole  work 
performed  during  the  interval  in  question  is 

c^A-2  W  +rf*-2nR  +  !lf^   .  2n'-W...(l.) 

9 
The  mean  total  restOoffvce,  reduced  to  t/ie  driving  point,  may  be 
eomputed  by  dividing  the  above  expression  by  the  motion  of  the 
driving  point  d8^=vdt,  giving  the  following  result : — 

|^.2W+SnR+-^   .  S7.«W (2.) 

ae  gdt  ^    ' 

Section  2. — Of  Demoting  and  Centri/ugal  Force, 

17.  ]»«Tlailac  F«r«e  ^f  m  Sli^le  B««if  {A.  M,,  537,}— It  is  part 
of  the  first  law  of  motion,  that  if  a  body  moves  under  no  force,  or 
balanced  forces,  it  moves  in  a  straight  line.     (ii.  Jf.^  510,  512.) 

It  is  one  consequence  of  the  second  law  of  motion,  that  in  order 
that  a  body  may  move  in  a  curved  path,  it  must  be  continually 
acted  upon  by  an  unbalanced  force  at  right  angles  to  the  direction 
of  its  motion,  the  direction  of  the  force  being  that  towards  which 
the  path  of  the  body  is  curved,  and  its  magnitude  bearing  the  same 
ratio  to  the  weight  of  the  body  that  the  height  due  to  the  body'i 
velocity  bears  to  half  the  radius  of  curvature  of  its  path. 

This  principle  is  expressed  symbolically  as  follows : — 

DeTiating 
force. 

Q  =  ^-^ (1.) 

gr  '    ' 

In  the  case  of  projectiles  and  of  the  heavenly  bodies,  de\aatiiig 
foi'ce  is  suppKed  by  that  component  of  the  mutual  attraction  of 
two  masses  which  acts  perpendicular  to  the  direction  of  their  rela- 
tive motion.  In  machines,  deviating  force  is  supplied  by  the 
strength  or  rigidity  of  some  body,  which  guides  the  revolving  mass, 
making  it  move  in  a  curve. 

A  pair  of  free  bodies  attracting  each  other  have  both  deviated 
motions,  the  attraction  of  each  guiding  the  other;  and  their  deviar 
tions  of  motion  relatively  to  their  common  centre  of  gravity  are 
inversely  as  their  masses. 

In  a  machine,  each  revolving  body  tends  to  press  or  draw  the 
body  which  guides  it  away  from  its  position,  in  a  direction  from 
the  centre  of  curvature  of  the  path  of  ttie  revolving  body ;  and  that 
tendency  is  resisted  by  the  strength  and  stiffness  of  the  guiding 
body,  and  of  the  frame  with  which  it  is  connected. 
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18.  Ocnirifncal  Force  (A,  M.,  o38)  is  the  force  with  which  a 
revolving  body  reacts  on  the  body  that  guides  it,  and  is  equal  and 
opposite  to  the  deviating  force  with  which  the  guiding  body  acts 
on  the  revolving  body. 

In  fact,  as  has  been  ali*eady  stated,  every  force  is  an  action  be- 
tween two  bodies;  and  deviating  force  and  cerUri/ugcU  force  are  but 
two  different  names  for  the  same  force,  applied  to  it  according  as 
the  condition  of  the  revolving  body  or  that  of  the  guiding  body  is 
under  consideration  at  the  time. 

19.  A  RcToiring  Penduiam  is  one  of  the  simplest  practical  appli- 
cations of  the  principles  of  deviating  force,  and  is  described  here 
because  its  use  in  regulating  the  speed  of  prime  movers  will  after- 
wards have  to  be  referred  to.  It  consists  of  a 
ball  A,  suspended  from  a  point  C  by  a  rod  C  A 
of  small  weight  as  compared  with  the  ball,  and 
revolving  in  a  circle  about  a  vertical  axis  C  B. 
The  tension  of  the  rod  is  the  resultant  of  the 
weight  of  the  ball  A,  acting  vertically,  and  of  its 
centrifugal  force,  acting  horizontally ;  and  there- 
fore the  rod  will  assume  such  an  inclination  that 


Fig.  7. 


heigh^B  C weight  _gr 

radius  AB  ~  centrifugal  force  ~  v'""^  *^ 


where  r  =  A  B.     Let  T  be  the  nuinber  of  turns  per  second  of  the 
pendulum;  then 

v=:2xTr; 

and  therefore,  making  B  C  =  /*, 


=  (in  the  latitude  of  London) 


0-8154  foot      9-7848  inches 


T» 


rpr 


.(2.) 


20.  DcTlaUnc  Force  In  Terms  of  AngMlar  Velocity.  {A.  M,y  540.) 
— When  a  body  revolves  in  a  circular  path  ix)und  a  fixed  axis,  as 
is  almost  always  the  case  with  the  revolving  parts  of  machines,  the 
radius  of  curvature  of  its  path,  being  the  perpendicular  distance  of 
the  body  from  the  axis,  is  constant;  and  the  Velocity  v  of  the  body 
is  the  product  of  that  radius  into  the  angulai^  velocity;  or  symboli- 
cally, as  in  Article  5 — 

v=:ar=2»Tr. 

If  these  values  of  the  velocity  be  substituted  for  v  in  equation  1  of 
Article  17,  it  becomes —  . 
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Q  =  =  ••• (l.) 

9  9  ^   ^ 

21.  RfiMiiiant  CeMtriliii«al  Force  {A.  i/.,  603.)— The  whole  cen- 
trifugal force  of  a  body  of  any  figure,  or  of  a  system  of  connected 
bodies,  rotating  about  an  axis,  is  the  same  in  amount  and  direction 
as  if  the  whole  mass  weie  concentrated  at  the  centre  of  gi-avity  of 
the  system.  That  is  to  say,  in  the  formula  of  Article  20,  W  is  to 
be  held  to  represent  the  weight  of  the  whole  body  or  system,  and  r 
the  perpendicular  distance  of  its  centre  of  gravity  from  the  axis; 
and  the  line  of  action  of  the  resultant  centrifugal  force  Q  is  always 
paraild  to  r,  although  it  does  not  in  every  case  coincide  with  r. 

When  the  axis  of  rotation  traverses  the  centre  of  gravity  of  the 
body  or  system,  the  amount  of  the  centrilngal  force  is  nothing; 
that  is  to  say,  the  rotating  body  does  not  tend  to  pull  its  axis  as  a 
whole  out  of  its  place. 

The  centrifugal  forces  exerted  by  the  various  rotating  pieces  of 
a  machine  against  the  bearings  of  their  axles  are  to  be  ta^en  into 
account  in  determining  the  lateral  pressures  which  cause  friction, 
and  the  strength  of  the  axles  and  framework. 

As  those  centidfugal  forces  cause  increased  friction  and  stress, 
and  sometimes,  also,  by  reason  of  their  continual  change  of  direc- 
tion, produce  detrimental  or  dangerous  vibration,  it  is  desirable  to 
reduce  them  to  the  smallest  possible  amount;  and  for  that  purpose, 
unless  there  is  some  special  reason  to  the  contrary,  the  axis  of  ro* 
tation  of  every  piece  which  rotates  rapidly  ought  to  traverse  its 
centre  of  gravity,  that  the  resultant  centrifugal  force  may  be  no- 
thing. 

22.  CeatrlftHpU  Couple— PermaaeMt  Asds. — It  is  not,  however, 
sufficient  to  annul  the  effect  of  centrifugal  force,  that  there  should 
be  no  tendency  to  shijt  the  axis  as  a  whole;  there  should  also  be 
no  tendency  to  tit^m  it  into  a  new  angular  position. 

To  show,  by  the  simplest  possible  example,  that  the  latter  ten* 
dency  may  exist  without 
the  former,  let  the  axis  of 
rotation  of  the  system 
shown  in  fig.  8  be  the 
centre  line  of  an  axle  rest- 
ing in  bearings  at  E  and  F. 
At  B  and  D  let  two  arms 
project  perpendicularly  to 
that  axle,  in  opposite  direc- 
tions in  the  same  plane, 
carrying  at  their  extremi-  *^*   ' 

ties  two  heavy  bodies  A  and  0.     Let  the  weights  of  the  arma  he- 
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insensible  as  oompared  with  the  weights  of  those  bodies;  and  let 
the  weights  of  the  bodies  be  inversely  as  their  distances  from  the 
axis ;  that  is,  let 

A  •  AB  =  C  •  CD. 

Let  A  0  be  a  straight  line  joining  the  centres  of  gravity  of  A 
and  0,  and  cutting  the  axis  in  G;  then  G  is  the  common  centre  of 
gravity  of  A  and  C,  and  being  in  the  axis,  the  residtant  centrifugal 
force  is  nothing. 

In  other  words,  let  a  be  the  angular  velocity  of  the  rotation; 
then 

The  centrifugal  force  exerted  on  the  axis  by  A 

g'  A '  AB 

"  9  ' 

The  centrifugal  force  exerted  on  the  axis  by  0 

_  g'  C  •  C  D 

«nd  those  forces  are  equal  in  magnitude  and  opposite  in  direction; 
so  that  there  is  no  tendency  to  remove  the  point  G  in  any  direc- 
tion. 

There  is,  however,  a  tendency  to  turn  the  aacis  about  the  point  G, 
being  the  product  of  the  common  magnitude  of  the  couple  of  cen- 
trifugal forces  above  stated,  into  their  leverage ;  that  is,  the  perpen- 
dicular distance  B  D  between  their  lines  of  action.  That  product 
is  called  tJve  moment  of  the  centrifugal  couple;  and  is  represented  by 

QBD; (1.) 

Q  being  the  common  magnitude  of  the  equal  and  opposite  centri- 
fugal forces. 

That  couple  causes  a  couple  of  equal  and  opposite  pressures  of 
the  journals  of  the  axle  against  their  bearings  at  £  and  F,  in  the 
directions  represented  by  the  arrows,  and  of  the  magnitude  given 
by  the  formula — 

"•S^ •; « 

these  pressures  continually  change  their  durections  as  the  bodies 
A  and  C  revolve;  and  they  are  resisted  by  the  strength  and 
rigidity  of  the  beaiings  and  frama  It  is  desirable,  when  practi- 
cable, to  reduce  them  to  nothing ;  and  for  that  purpose,  the  points 
B,  G,  and  D  shoidd  coincide ;  in  which  case  the  centre  line  of  the 
axle  £  F  is  said  to  be  a  perfnanent  aacis. 

When  there  are  more  than  two  bodies  in  the  rotating  system, 
the  centrifugal  couple  is  found  as  follows  ;^ 
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Let  X  X',  fig.  9,  represent  the  axis  of  rotation ;  O,  the  centre  of 
gravity  of  the  rotating  body  or  system,  situated  in  that  axis ;  so 
that  the  resultant  centrifugal  foi*ce  is  nothing. 

Let  W  be  any  one  of  the  parts  of 
"which  the  body  or  system  is  com- 
posed, so  that,  the  weight  of  that 
part  l^ing  denoted  by  W,  the 
weight  of  the  whole  body  or  sys- 
tem may  be  denoted  by  s  •  W. 

Let  r  denote  the  perpendicular 
distance  of  the  centre  of  W  from 
the  axis ;  then 

Wa'r 


9 
is  the  centrifugal  force  of  W,  pull-  Fig.  9. 

ing  the  axis  in  the  direction  x  W. 

Assume  a  pair  of  axes  of  co-ordinates,  G  Z,  G  Y, 
perpendicular  to  X  X'  and  to  each  other,  and  fixed 
relatively  to  the  rotating  body  or  system — ^that  is,    ^ 
rotating  along  with  it. 

From  W  let  fall  W  y  perpendicular  to  the  plane 
of  G  X  and  G  Y,  and  parallel  to  G  Z ;  also  Wz, 
perpendicular  to  the  plane  of  GX  and  GZ,  and 
parallel  to  G  Y  ;  and  make  Fig.  10. 

xi/=:Wz^y;  xz  =  Wy  =  z;   Gx=ix. 

Then  the  centrifugal  force  which  W  exerts  on  the  axis,  and  which 
is  proportional  to  r,  may  be  resolved  into  two  components,  in  the 
direction  of,  and  proportional  to,  y  and  z  respectively,  viz. : — 

^ll  parallel  to  G  Y,  and 
9 

parallel  to  G  Z; 

9 
and  those  two  component  forces,  being  both  applied  at  the  end  of 
the  lever  G  x  =  x,  exert  moments,  or  tendencies  to  turn  the  axis 
X  X'  about  the  point  G,  expressed  as  follows : — 

^  ^'  ^  ^,  tending  to  turn  G  X  about  G  Z  towards  G  Y ; 
9 

5L^-1?,  tending  to  tiu-n  G  X  about  G  Y  towards  G  Z. 
9 
In  the  same  manner  are  to  be  found  the  several  moments  of  the 
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centrifiigal  forces  of  all  the  other  parts  of  which  the  body  or  systom 
consists;  and  care  is  to  be  taken  to  distinguish  moments  which 
tend  to  turn  the  axis  totvarda  G  Y  or  G  Z  from  those  which  tend  to 
tm-n  it  froni  those  positions,  by  treating  one  of  these  classes  of 
quantities  as  positive,  and  the  other  as  negative. 

Then  by  adding  together  the  positive  moments  and  subtracting 
the  negative  moments  for  all  the  parts  of  the  body  or  system,  are 
to  be  foimd  the  two  sums, 

-  .  S-Wya:;  ?' .  2W«a;; (3.) 

9  9 

which  represent  the  total  tendencies  of  all  the  centrifugal  forces  to 
tima  the  axis  in  the  planes  of  G  Y  and  G  Z  respectively. 

In  fig.  10,  lay  down  G  Y  to  represent  the  former  moment,  and 
G  Z,  peq)endicular  to  G  Y,  to  represent  the  latter.  Then  the  dia- 
gonal G  M  of  the  rectangle  G  Z  M  Y  will  represent  the  resultant 
moment  of  what  is  called  the  Centrifugal  Couple,  and  the  direc- 
tion of  that  line  will  indicate  the  direction  in  which  that  couple 
tends  to  turn  the  axis  G  X  about  the  point  G.  Its  value,  and  its 
angular  position,  are  given  by  the  equations. 


[GY'+GZ-^);") 
:  =  GZ-5-GY    3 


GM=^(C__.    __       

tan^YGM:     ^  "       '"" 


The  condition  which  it  is  desii-able  to  fulfil  in  all  rapidly  rotating 
pieces  of  machines,  that  the  axis  of  rotation  shall  be  ApennanerU 
axis,  is  fulfilled  when  each  of  the  sums  in  the  formula  3  is  notliing; 
that  is,  when 

S-Wya;  =  0-  ^W  zx  =  0, (5.) 

The  question,  whether  the  axis  of  a  rotating  piece  is  a  permanent 
axis  or  not,  is  tested  experimentally  by  making  the  piece  spin  round 
mpidly  with  its  shaft  resting  in  bearings  which  ai-e  suspended  by 
chains  or  cords,  so  as  to  be  at  liberty  to  swing  to  and  fro.  If  the 
axis  is  not  a  permanent  axis,  it  oscillates;  if  it  is  a  permanent  axis, 
it  remains  steady. 

The  practical  application  of  those  principles  to  locomotive  engines 
will  be  explained  in  the  sequel. 

Section  3. — 0/  Effort,  Etiergy,  Power,  cmd  Efficiency, 

23.  Bflbrt  is  a  name  applied  to  a  force  which  acts  on  a  body  is 
the  direction  of  its  motion  {A,  M,,  511). 

If  a  force  is  applied  to  a  body  in  a  direction  making  an  acute 
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angle  with  the  direction  of  the  body's  motion,  the  component 
of  that  oblique  force' along  the  direction  of  the  body's  motion  is  an 
efforts  That  is  to  say,  in  fig.  1 1,  let  A  B  represent  the  direction 
in  which  A  is  moving;  let  A  F  repre-  ^j^      ^ 

sent  a  force  applied  to  A,  obliquely  to  a  y  n 

that  direction;  from  F  draw  F  P  per-  X~    j 

pendicular  to  A  B;    then  A  P  is  the  \J 

^ort  due  to  the  force  AF.     The  trans-  ^ 

verse  component  PF  is  a  lateral  force,  ^' 

like  the  transverse  com^^nent  of  the  oblique  resisting  force  in 

Article  8.  

To  express  this  algebraically,  let  the  entire  force  A  F  =  F,  the 
effort  XP  =  P,  the  lateral  force  PF  =  Q,  and  the  angle  of  obli- 
quity P  A  F  =  #.     Then 

^  =  ^•"^^^1  (1.) 

Q=F-sin  ^  j  ^    ' 

24.  c«adiaoB  •€  uoiform  Speed.  (A.  M,,  510,  512,  537.)— Ac- 
cording to  the  first  law  of  motion,  in  order  that  a  body  may  move 
uniformly,  the  forces  applied  to  it,  if  any,  must  balance  each  other; 
and  the  same  principle  holds  for  a  machine  consisting  of  any  num- 
ber of  bodies. 

When  the  directian  of  a  body's  motion  varies,  but  not  the  vdocUy, 
the  lateral  force  required  to  produce  the  change  of  direction  depends 
on  the  principles  set  forth  in  Section  2 ;  but  the  condition  of  balance 
still  holds  for  the  forces  which  act  along  the  direction  of  the  body's 
motion,  that  is,  for  the  ^orta  and  resistances;  so  that,  whether  for 
a  single  body  or  for  a  machine,  the  condition  of  uniform  velocity  is, 
that  the  ^orts  shall  balance  the  resistances. 

In  a  machine,  this  condition  must  be  fulfilled  for  each  of  the 
single  moving  pieces  of  which  it  consists. 

It  can  be  sliown  from  the  principles  of  statics  (that  is,  the  science 
of  balanced  forces),  that  in  any  bodv,  system,  or  machine,  that  con- 
dition is  fulfilled  when  the  sum  of  the  products  of  the  efforts  into  the 
velocities  of  their  respective  points  ofactioti  is  equal  to  the  sum  of  the 
fyroducts  of  the  resistances  into  the  velocities  of  the  points  ujhere  they 
are  overcome. 

Thus,  let  V  be  the  velocity  of  a  driving  point,  or  point  where  an 
effort  P  is  applied ;  v'  the  velocity  of  a  working  point,  or  point  where 
a  resistance  R  is  overcome ;  the  condition  of  uniform  velocity  for  any 
body,  system,  or  machine  is 

1-  Pt;=  2  -Ri/ (1.) 

If  there  be  only  one  driving  point,  or  if  the  velocities  of  all  the 
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driviug  points  be  alike,  then  P  being  the  total  effort,  the  single 
product  P  V  may  be  put  in  in  place  of  the  sum  2  •  P  i?j  reducing 
the  above  equation  to 

Pt;  =  J  •  Rt/ (2.) 

RefeiTing  now  to  Article  9,  let  the  machine  be  one  in  which  the 
eo7npa/rative  or  proportionate  velocities  of  all  the  points  at  a  given 
instant  are  known  independently  of  their  absolute  velocities,  from 
the  construction  of  the  machine  ;  so  that,  for  example,  the  velocity 
of  the  point  where  the  resistance  R  is  overcome  bears  to  that  of 
the  driving  point  the  ratio 

then  tlie  condition  of  uniform  speed  may  be  thus  expressed  : — 

P=  2'nR; (3.) 

that  is,  the  totd  effort  is  equal  to  the  sum  of  the  resistances  reduced  to 
the  driving  point, 

25.  E>ier«7-Poteiitial  EacrcT.  {A,  J/.,  514,  517,  593,  660.)— 
Energy  means  capacity  for  performing  work,  and  is  expi^essed,  like 
work,  by  the  product  of  a  force  into  a  space. 

The  energy  of  an  effort,  sometimes  called  *' potential  energy"  (to 
distinguish  it  from  another  form  of  enei'gy  to  be  afterwards  referred 
to),  is  the  produ^  of  the  effort  irUo  tJie  distance  through  whidi  it  is 
capahle  of  acting.  Thus,  if  a  weight  of  100  pounds  be  placed  at  an 
elevation  of  20  feet  above  the  ground,  or  above  the  lowest  plane 
to  which  the  circumstances  of  the  case  admit  of  its  descending, 
that  weight  is  said  to  possess  potential  energy  to  the  amount  of 
100  X  20  =  2,000  foot-pounds;  which  means,  that  in  descending 
from  its  actual  elevation  to  the  lowest  point  of  its  course,  the 
weight  is  capable  of  performing  uxyrk  to  that  amount 

To  take  another  example,  let  there  be  a  resei-voir  containing 
10,000,000  gallons  of  water,  in  such  a  position  that  the  centre  of 
gravity  of  the  mass  of  water  in  the  reservoir  is  100  feet  above  the 
lowest  point  to  which  it  can  be  made  to  descend  while  overcoming 
resistance.  Then  as  a  gallon  of  water  weighs  10  lbs.,  the  weight  of 
the  store  of  water  is  100,000,000  lbs.,  which  being  multiplied  by 
the  height  through  which  that  weight  is  capable  of  acting,  100  feet, 
gives  10,000,000,000  foot-jwunds  for  the  potential  energy  of  the 
weight  of  the  store  of  water. 

2(S.  E^ualliT  of  Energr  Exene4  and  Work  Perr«rme4. — ^When 
an  effort  actually  does  drive  its  point  of  application  through  a 
certain  distance,  enei'gy  to  the  amount  of  the  product  of  the  effort 
into  that  distance  is  said  to  be  exerted;  and  the  potential  energy. 
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or  energy  which  remains  capcMe  of  being  exerted,  is  to  that  amount 
diminished. 

When  the  energy  is  exerted  in  driving  a  machine  at  an  uniform 
speed,  it  is  eqiud  to  the  work  performed. 

To  express  this  algehraicaUy,  let  t  denote  the  time  during  which 
the  energy  is  exerted,  v  the  velocity  of  a  driving  point  at  which  an 
effort  P  is  applied,  8  the  distance  through  which  it  is  driven,  v'  the 
velocity  of  any  working  point  at  which  a  resistance  R  is  overcome, 
^  the  distance  through  which  it  is  driven ;  then 

8  =  v  t;  8'=vt; 

and  multiplying  equation  1  of  Article  24  hy  the  time  t,  we  obtain 
the  following  equation : — 

2-Pv«  =  2-Rt/<=2-P*=  2-R«'; (1.) 

which  expresses  the  equality  of  energy  exerted,  and  work  per- 
formed, for  constant  efforts  and  resistances. 

When  the  efforts  and  resistances  vary,  it  is  sufficient  to  refer  to» 
Article  11,  to  show  that  the  same  principle  is  expressed  as* 
follows : — 

2J  Tds^^  f  Rd  «'j (2.) 

where  the  symbol  /  expresses  the  operation  of  finding  the  work 

performed  against  a  varying  resistance,  or  the  enei^  exerted  by  a 
varying  effort,  as  the  case  may  be;  and  the  symbol  2  expresses  the 
operation  of  adding  together  the  quantities  of  enei^  exerted,  or 
work  performed,  as  the  case  may  be,  at  different  points  of  the 
machine. 

27.  T«H««»  VacMn  of  Knergf, — A  quantity  of  energy,  like  a 
quantity  of  work,  may  be  computed  by  multiplying  either  a  force 
into  a  distance,  or  a  statical  moment  into  an  angular  motion,  or  the 
intensity  of  a  pressure  into  a  volume.  These  processes  have  already 
been  explained  in  detail  in  Articles  5  and  6. 

28.  The  Kaergy  Exerted  in  Prodaclnc  Acceleratlea  {A,  M.,  549) 

18  equal  to  the  work  of  acceleration,  whose  amount  has  been  inves- 
tigated in  Articles  14  a  and  15. 

29.  The  Acceiemtinc  Bflbit  {A.  M.,  554)  by  which  a  given 
increase  of  velocity  in  a  given  mass  is  produced,  and  which  is 
exerted  by  the  driving  body  against  the  driven  bodi/,  is  equal  and 
opposite  to  the  resistance  due  to  acceleration  which  the  driven 
body  exerts  against  the  driving  body,  and  whose  amount  has  been 
given  in  Articles  14  a  and  15.  Referring,  therefore,  to  equations  4 
fluid  8  of  Article  14  a,  we  find  the  two  following  expressions,  the  first 
«r  which  gives  the  accelerating  effort  required  to  produce  a  given 
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•ceeleration  (f  i;  in  a  body  whose  weight  is  W,  when  the  lime  di  io* 
which  that  acceleration  is  to  be  produced  is  given,  and  the  second, 
^he  same  acceleiuting  effort,  when  the  distance  d9  ^  vdtm  which 
Che  acceleration  is  to  be  produced  is  given  : — 

0) 


9 

dv 
dl 

w 

9 

V  dv 
•    ds- 

W 

9  ' 

2d8- 


.(2.) 


Xteferring  next  to  Article  15,  case  1,  we  find  from  equations  5, 
4,  and  7,  that  the  work  of  acceleration  corresponding  to  an  increase 
<la  va  the  angular  velocity  of  a  rotating  body  whose  moment  of 
inertia  is  I,  is 

I  •  d  (a*)  _^I  a  d  a 

I«t dthe  the  time,  and  di  =  a  d  t  the  ang^dar  motion  in  which 
that  acceleration  is  to  be  produced ;  let  P  be  the  accelerating  effort, 
4ind  I  its  leveraye,  or  the  perpendicular  distance  of  its  line  of  action 
from  the  axis;  then,  according  as  the  time  dty  or  the  angle  rfi,  is 
given,  we  have  the  two  following  expressions  for  the  accelerating 
4:ouple : — 

P;=.i.^^ (3.) 

9     dt  ^   ^ 

_I     a  d  a      1    d  (or)  .    . 

g'    di        g'  2d% ^    ' 

.  Lastly,  referring  to  Article  15,  case  2,  equation  9,  we  find,  that 
if  a  train  of  mechanism  consists  of  various  parts,  and  if  W  be  the 
weight  of  any  one  of  those  parts,  whose  velocity  v  bears  to  that  of 

the  diiving  point  v  the  ratio  —  =  n,  then  the  accelerating   effort 

-which  must  be  applied  to  the  driving  point,  in  order  that,  during 
rthe  interval  d  t,  in  which  the  driving  point  moves  through  tlie 
distance  da  =  v  d  t,  that  point  may  undergo  the  acceleration  d  v, 
*nd  each  weight  W  the  corresponding  acceleration  w  c?  t?,  is  given 
hy  one  or  other  of  the  two  formulae — 

r=?i^.^: (5.) 

g  dt  ^    ' 

J  n'  W     V  f/  I?  _  2  71-  \V     d  (r  •)  .^  . 

^       g       '    da   "       g       '2ds ^  *' 
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30.  Work    Diirln«   Rcfardatloii — EacivT    Stored    and    RMtorcd* 

{A,  M.f  528,  549,  550.)--In  order  to  cause  a  given  retardation,  or 
diminution  of  the  velocity  of  a  given  body,  in  a  given  time,  or 
while  it  travei-ses  a  given  distance,  resistance  must  be  opposed  to 
its  motion  equal  to  the  effort  which  would  be  required  to  produce 
in  Uie  same  time,  or  in  the  same  distance,  an  acceleration  equal  to 
tho  retai'dation. 

A  moving  body,  therefore,  while  being  retarded,  overcomes  re" 
sisfxince  and  performs  work;  and  that  work  is  equal  to  the  energy 
exerted  in  producing  an  acceleration  of  the  same  body  equal  tc  the 
retardation. 

It  is  for  this  reason  that  it  has  been  stated,  in  Article  12,  that 
the  work  performed  in  accelemting  the  speed  of  the  moving  pieces 
<>1  a  machine  is  not  necessarily  lost;  for  those  moving  pieces,  by 
returning  to  their  original  speed,  are  capable  of  peiforming  an 
equal  amount  of  work  in  overcoming  resistance;  so  that  the  per- 
formance of  such  work  is  not  pi-evented,  but  only  deferred.  Hence 
energy  exerted  in  acceleration  is  said  to  be  stored;  and  when  by  a 
subsequent  and  equal  retardation  an  equal  amount  of  work  is  per- 
formed, that  energy  is  said  to  be  restored. 

The  algebraical  expressions  for  the  relations  between  a  retarding 
resistance,  and  the  retardation  which  it  produces  in  a  given  body 
by  acting  during  a  given  time  or  through  a  given  space,  are  ob- 
tained from  the  equations  of  Article  29  simply  by  putting  R,  the 
«>>Tnbol  for  a  resistance,  instead  of  P,  the  symbol  for  an  effort,  and 
—dv,  the  symbol  for  a  retiirdation,  instead  of  6?v,  the  symbol  for 
an  acceleration. 

31.  The  Artuai  Encr«T  {A.  M.,  5\1 ,  589)  of  a  moving  body  is 
the  work  which  it  is  capable  of  perforaiing  against  a  retarding 
resistance  before  being  brought  to  rest,  and  is  equal  to  the  energy 
which  must  be  exerted  on  the  body  to  bring  it  from  a  state  of  rest 
to  its  actual  velocity.  The  value  of  that  quantity  is  the  product  of 
the  weigJU  of  tlie  body  into  the  height  from  which  it  must  foil  to  . 
acquire  its  actiml  velocity ;  that  is  to  say, 

^v-"'  ....(1.)  ; 

The  total  actual  energy  of  a  system  of  bodies,  each  moving  with . 
its  own  velocity,  is  denoted  by 

~2r ' ^  ■'' 

and  when  those  bodies  ai-e  the  pieces  of  a  machine,  whose  vclocitiea 
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bear  definite  ratios  (any  one  of  which  is  denoted  by  n)  to  the  yelo* 
city  of  the  driving  point  v,  their  total  actual  energy  is 

^•'«'W, (3.) 

being  the  product  of  (he  reduced  inertia  (or  co-efficient  of  steadiness, 
as  Mr.  Moseley  calls  it)  into  the  height  due  to  the  velocity  of  the 
driving  point. 

The  actual  energy  of  a  rotating  body  whose  angular  velocity  is  o^ 
and  moment  of  inertia  2  W  r*  =  I,  is 

?LI.      ..         ...      (4) 

that  is,  the  product  of  the  moment  of  inertia  into  tJta  height  due  to  tJie 
velocity y  9^  of  a  point,  tohose  distance  from  the  axis  of  rotation  is 
unity. 

When  a  given  amoimt  of  energy  is  alternately  stored  and  re- 
stored by  alternate  increase  and  diminution  in  the  speed  of  a  ma- 
chine, the  actual  energy  of  the  machine  is  alternately  increased  and 
diminished  by  that  amount 

Actual  enei'gy,  like  motion,  is  relative  only.  That  is  to  say,  in 
computing  the  actual  energy  of  a  body,  which  is  the  capacity  it 
possesses  of  performing  work  upon  certain  other  bodies  by  reason 
of  its  motion,  it  is  the  motion  rdativdy  to  tli/ose  other  bodies  that  is 
to  be  taken  into  account 

For  example,  if  it  be  wished  to  determine  how  many  turns  a 
wheel  of  a  locomotive  engine,  rotating  with  a  given  velocity,  would 
make,  before  being  stopped  by  tJie  friction  of  its  bearings  only,  sup- 
posing it  lifted  out  of  contact  with  the  rails, — the  actual  energy  of 
that  wheel  is  to  be  taken  relatively  to  tfte  frame  of  the  engine  to 
which  those  bearings  are  fixed,  and  is  simply  the  actual  energy  due 
to  the  rotation.  But  if  the  wheel  be  supposed  to  be  detached  from 
the  engine,  and  it  is  inquired  Iww  high  it  wUl  ascend  up  a  perfectly 
smooth  inclined  plane  before  being  stopped  by  tlie  attraction  of  tlte 
earth,  then  its  actual  energy  is  to  be  taken  relatively  to  the  earth; 
that  is  to  say,  to  the  energy  of  rotation  already  mentioned,  is  to  be 
added  the  energy  due  to  the  translation  or  forward  motion  of  the 
wheel  along  with  its  axis. 

32.  A  R«cipr*c«iiac  Force  {A,  M,,  556)  is  a  force  which  aots 
alternately  as  an  effort  and  as  an  equal  and  opposite  resistance, 
according  to  the  direction  of  motion  of  the  body.  Such  a  force  is 
the  weight  of  a  moving  piece  whose  centre  of  gravity  alternately 
rises  and  falls;  and  such  is  the  elasticity  of  a  peHectly  elastic  body. 
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The  irork  which  a  body  performs  in  moving  against  a  reciprocatiDg 
force  is  employed  in  increasing  its  own  potential  enei^,  and  is  not 
lost  by  the  body;  so  that  by  the  motion  of  a  body  alternately 
against  and  with  a  reciprocating  force,  energy  is  stared  and  n©- 
storedj  as  well  as  by  alternate  acceleration  and  retardation. 

Let  2  W  denote  the  weight  of  the  whole  of  the  moving  pieces 
of  any  machine,  and  A  a  height  through  which  the  common  centre 
of  gravity  of  them  all  is  alternately  raised  and  lowered.  Then  the 
quantity  of  energy^  A  s  W 

is  stored  while  ths  centra  of  gravity  is  rising,  and  restored  while  it 
is  falling. 

These  principles  are  illustrated  by  the  action  of  the  plungers  of 
a  single  acting  pumping  steam  engine.  The  weight  of  those 
plungers  acts  as  a  resistance  while  they  are  being  lifted  by  the 
pressure  of  the  steam  on  the  piston;  and  the  same  weight  acts  as 
effort  when  the  plungers  descend  and  drive  before  them  the  water 
with  which  the  pump  barrels  have  been  filled.  Thus,  the  energy 
exerted  by  the  steam  on  the  piston  is  stored  during  the  up-stroke 
of  the  plungers ;  and  during  their  down-stroke  the  same  amount  of 
energy  is  restored,  and  employed  in  performing  the  work  of  raising 
water  and  overcoming  its  friction. 

33.  Periodical  Biotion.  {A,  if.,  553.) — If  a  body  moves  in  such 
a  manner  that  it  periodically  returns  to  its  original  velocity,  then 
at  the  end  of  each  period,  the  entire  variation  of  its  actual  energy 
is  nothing;  and  if,  during  any  part  of  the  period  of  motion,  energy 
has  been  stored  by  acceleration  of  the  body,  the  same  quantity  of 
energy  exactly  must  have  been  during  another  part  of  the  period 
restored  by  i-etardation  of  the  body. 

If  the  body  also  returns  in  the  course  of  the  same  period  to  tho 
same  position  relatively  to  all  bodies  which  exert  reciprocating 
forces  on  it — for  example,  if  it  returns  periodically  to  the  same 
elevation  relatively  to  the  earth's  surface — any  quantity  of  enei^y 
which  has  been  stored  during  one  part  of  the  period  by  moving 
against  reciprocating  foi-ces  must  liave  been  exactly  restored  during 
another  part  of  the  period. 

Hence  at  Uie  end  of  each  period,  the  equality  of  energy  and  WLrk, 
and  the  balance  of  mean  effort  and  mean  resistance,  Itolde  with 
respect  to  the  driving  effort  and  the  resistances,  exactly  as  if  the  speed 
were  uniform  and  the  reciprocating  forces  nvU;  and  all  the  equa- 
tions of  Articles  24  and  26  are  applicable  to  periodic  motion,  pro- 
vided that  in  the  equations  of  Article  24,  and  equation  1  of  Ai-ticle 
26,  P,  R,  and  v  are  held  to  denote  the  mean  values  of  the  efforts, 
resistances,  and  velocities, — that  s  and  tl  are  held  to  denote  spaces 
moved  th]x>ugh  in  one  or  more  emiire  periods, — and  that  in  equA- 
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tion  2  of  Article  26,  the  integrations  denoted  by    T  be  held  to 

extend  to  one  or  more  entire  periods. 

These  principles  are  illustrated  by  the  steam  engine.  The  velo- 
cities of  its  moving  parts  are  continually  varying,  and  those  of 
some  of  them,  such  as  the  piston,  are  periodically  reversed  in  direc- 
tion. But  at  the  end  of  each  period,  called  a  revoltUwriy  or  double- 
stroke,  every  part  returns  to  its  original  position  and  velocity ;  so 
that  the  eqvxdity  of  energy  and  work,  and  the  equality  ofUie  mean 
effort  to  the  mean  resistance  reduced  to  the  driving  point, — that  is, 
the  equality  of  the  mean  effective  pressure  of  the  steam  on  the  pis- 
ton to  the  mean  total  resistance  reduced  to  the  piston — hold  for 
one  or  any  whole  number  of  complete  revolutions,  exactly  as  for 
uniform  speed. 

It  thus  appeal's  that  there  are  two  fundamentally  different  ways 
of  considering  a  periodically  moving  machine,  each  of  which  must 
be  employed  in  succession,  in  order  to  obtain  a  complete  knowledge 
of  its  working. 

I.  In  the  iirst  place  is  considered  the  action  of  the  machine 
during  one  or  more  whole  periods,  with  a  view  to  the  determina- 
tion of  tlie  relation  between  the  mean  resistances  and  mean  efforts, 
and  of  the  efficiency  j  that  is,  the  ratio  which  the  useful  part  of 
its  work  bears  to  the  whole  expenditure  of  energy.  The  motion  of 
every  ordinary  machine  is  either  uniform  or  periodical. 

II.  In  the  second  place  is  to  be  considered  the  action  of  tlie 
machine  during  inter^^^als  of  time  less  than  its  period,  in  oixler  to 
determine  the  law  of  the  periodic  changes  in  the  motions  of  the 
pieces  of  which  the  machine  consists,  and  of  the  periodic  or  recijv 
rocating  forces  by  which  such  changes  are  produced. 

34.  Uterting  and  Stopping.  {A,  J/.,  691.) — The  starting  of  a 
machine  consists  in  setting  it  in  motion  from  a  state  of  rest,  and 
bringing  it  up  to  its  proper  mean  velocity.  This  ojKJration  requires 
the  exertion,  besides  the  energy  required  to  overcome  the  mean  re- 
sistance, of  an  additional  quantity  of  enei-gy  equal  to  the  actual 
energy  of  the  machine  when  moving  with  its  mean  velocity,  as  found 
according  to  the  principles  of  Ai-ticle  31. 

If,  in  order  to  stop  a  machine,  the  effort  of  the  prime  mover  is 
simply  suspended,  the  machine  will  continue  to  go  until  work  has 
been  perfonned  in  overcoming  resistances  equal  to  the  actual  energy 
due  to  the  speed  of  the  machine  at  the  time  of  suspending  the  effort 
of  the  prime  mover. 

In  order  to  diminish  the  time  required  by  this  operation,  the 
resistance  may  be  increased  by  means  of  the  friction  of  a  brake. 
Brakes  will  be  further  described  in  the  sequel 

35.  The  SfliciMicjr  of  a  machine  {A,  i/.,  660,  664)  has  already 
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been  defined  to  be  a  fraction  expressing  the  ratio  of  the  ubMM 
work  to  the  whole  work  performed,  which  is  equal  to  the  enetgy 
expended.  The  limit  to  the  efficiency  of  a  machine  is  uniiy,  denot- 
ing the  efficiency  of  a  perfect  machine  in  which  no  work  h  kei. 
The  object  of  improvements  in  machines  is  to  bring  their  efficiency 
as  near  to  unity  as  possible. 

As  to  useful  and  lost  work,  see  Article  12.  The  algebraical  ex- 
pression of  the  efficiency  of  a  machine  having  uniform  or  periodical 
motion,  is  obtained  by  introducing  the  distinction  between  useful 
and  lost  work  into  the  equations  of  the  conservation  of  energy.  Thus^ 
let  P  denote  the  mean  effort  at  the  driving  point,  8  the  space  de- 
scribed by  it  in  a  given  interval  of  time,  being  a  whole  number  of 
periods  or  revolutions,  Ri  the  mean  useful  resistance,  8i  the  spao& 
through  which  it  is  overcome  in  the  same  interval,  E,  any  one  of 
the  prejudicial  resistances,  8g  the  sjMice  through  which  it  is  ovex^ 
come;  then 

P«  =  Ri«i  +  V  .R,^,; (1.)^ 

and  the  efficiency  of  the  machine  is  expressed  by 

R-i  9\ Ri  ^' /9  y 

Fs  ~"  R,  «,  +  2  •  R,  #, ^"'^ 

In  many  cases  the  lost  work  of  a  machine,  R, ««,  consists  of  a  con* 
stant  part,  and  of  a  pai-t  bearing  to  the  useful  work  a  proportioa 
depending  in  some  definite  manner  on  the  sizes,  figures,  arrange- 
ment,  and  connection  of  the  pieces  of  the  train,  on  which  also  de- 
pends the  constant  part  of  the  lost  work.  In  such  cases  the  whole 
energy  expended  and  the  efficiency  of  the  machine  are  expressed  by 
the  equations 

P«  =  (1+A)R,«,  +  B;] 

R,  «i  1 


p.    -1  +  A  +  /- 


(3.> 


and  the  first  of  th(*8e  is  the  mathematical  expression  of  what  Mr, 

Moseley  calls  the  "  modulus  "  of  a  machine. 

The  useful  work  of  an  intermediate  piece  in  a  train  of  mechauisiib 

consists  in  driving  the  piece  which  follows  it,  and  is  less  than  the- 

energy  exerted  upon  it  by  tlie  amount  of  the  work  lost  in  overcom- 
ing its  own  friction.  Hence  the  efficiency  of  such  an  intermediate- 
piece  is  the  ratio  of  the  work  performed  by  it  in  driving  the  follow- 
ing piece,  to  the  energy  exerted  on  it  by  the  preceding  piece;  and  it 
is  evident  that  tJiA  efficiency  of  a  macldne  is  the  product  of  Ute  effi- 
eieneie8  of  the  series  ofrtwving  pieces  which  transmit  energy  from  thet 
driving  point  to  Uie  working  point. 
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The  same  principle  applies  to  a  train  of  suceeadve  nuuJdnes,  each 
driving  that  which  follows  it. 

36.  Power  and  fiir4Det— H«rae-Powcr. — ^The  poioer  of  a  machine 
is  the  energy  exerted,  and  the  effect^  the  useful  work  performed,  in 
some  interval  of  time  of  definite  length,  such  as  a  second,  a  minute^ 
an  hour,  or  a  day. 

The  unit  of  power  called  conventionally  a  horse-power,  is  550 
foot-pounds  per  second,  or  33,000  foot-pounds  per  minute,  or 
1,980,000  foot-pounds  per  hour.  The  effect  is  equal  to  the  power 
multiplied  by  the  efficiency.  The  loss  of  power  is  the  difference 
between  the  effect  and  the  power.     (See  also  Article  3.) 

37.  General  fiqnation. — ^The  following  general  equation  presents 
at  one  view  the  principles  of  the  action  of  machines,  whether  mov- 
ing uniformly,  periodically,  or  othei-wise : — 

-where  W  is  the  weight  of  any  moving  piece  of  the  machine ; 

h,  when  positive,  the  elevation,  and  when  negative,  the  depres- 
sion, which  the  common  centre  of  gravity  of  all  the  moving  pieces 
undergoes  in  the  interval  of  time  under  consideration ;  r,  the  velo- 
tjity  at  the  beginning,  and  v^  the  velocity  at  the  end,  of  the  interval 
in  question,  with  which  a  given  particle  of  the  machine  of  the 
weight  W  is  moving; 

Qy  the  acceleration  which  gravity  causes  in  a  second,  or  32*2  feet 
per  second ; 

I  "R  d  s'y  the  work  performed  in  overcoming  any  resistance 

during  the  interval  in  question ; 

I  V  d  8,  the  energy  exerted  during  the  interval  in  question. 

The  second  and  thii-d  terms  of  the  right  hand  side,  when  positive, 
ai*e  energy  stored;  when  negative,  energy  restored. 

The  principle  represented  by  the  equation  is  expressed  in  words 
AS  follows : — 

The  energy  exerted,  added  to  tlie  energy  restored,  is  equal  to  the 
energy  stored  added  to  the  work  'perfomwd. 

Section  4. — Of  Dynamometers, 

38.  Drnamoiiieiera  are  instruments  for  measuring  and  recording 
the  energy  exerted  and  work  performed  by  machines.  They  may 
be  classed  as  follows : — 

I.  Instruments  which  merely  indicate  the  force  exerted  between 
a  driving  body  and  a  diiven  body   leaving  the  distance  through 
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wLich  that  force  is  exerted  to  be  observed  independently.     The 
following  are  examples  of  this  class : — 

a.  The  weight  of  a  solid  body  may  be  so  suspended  as  to  balance 
the  resistance  to  be  overcome,  as  in  Mr.  Scott  Russell's  experi- 
ments on  the  resistance  of  canal  boats,  published  in  the  TransaC' 
tions  of  the  Royal  Society  of  Edinburgh,  vol.  xiv. 

b.  The  weight  of  a  column  of  liquid  may  be  employed  to  balance 
and  measure  the  effort  i-equired  to  drag  a  carriage  or  other  body, 
as  in  the  mercurial  dynamometer  invented  by  Mr.  John  Milne  of 
Edinburgh. 

0.  The  available  energy  of  a  prime  mover  may  be  wholly  ex- 
pended in  overcoming  friction,  the  magnitude  of  which  is  measured 
by  a  weight,  as  in  Prony's  dynamometer,  to  be  afterwards  more 
|iarticularly  described. 

d,  A  spring  balance  may  be  interposed  between  a  prime  mover 
and  a  body  whose  resistance  it  overcomes,  so  as  to  indicate  at  each 
instant  the  magnitude  of  that  I'csistance. 

II.  Instruments  which  record  at  once  the  force,  motion,  and 
vx>rk  of  a  machine,  by  diuwing  a  line,  straight  or  curved,  as  the 
case  may  be  (such  as  that  shown  in  tig.  3,  Article  11)  whose 
abscissae  represent  on  a  suitable  scale  the  distances  moved  through, 
its  oixiinates  the  corresponding  resistances  overcome,  and  its  area 
the  work  performed. 

A  dynamometer  of  this  class  consists  essentially  of  two  principal 
parts  :  a  spring  whose  deflection  indicates  the  force  exerted  between 
a  driving  body  and  a  driven  body,  and  a  band  of  paper,  or  a  card, 
moving  at  right  angles  to  the  direction  of  deflection  of  the  spring 
with  a  velocity  bearing  a  known  constant  projiortion  to  the  velo- 
city with  which  the  resistance  is  overcome.  The  spring  carries  a 
pen  or  fiencil,  which  marks  on  the  paper  or  card  the  required  line. 
The  following  examples  of  this  class  of  instruments  will  be  de- 
scribed in  the  sequel: — 

a.   Morin's  Traction  Dynamometer. 
•  6.  Morin's  Rotatory  Dynamometer. 

e.  Watt  and  M'Naught's  Steam  Engine  Indicator. 

III.  Instruments  which  record  the  work  performed,  but  not  the 
resistance  and  motion  separately. 

39.  Pranr"*  FHcilon  DynaiBeiiicCci'  ^  *         *                                        ^ 

measures  the  iiseful  work  performed  .^jBf^^ 

by  a  prime  mover,  by  causing  the  ^i^jlRs 

whole  of  that  work  to  be  expended  ^^  ^ 

in   overcoming   the  friction   of   a  ''■•'^ 

brake.     In  fig.  12,  A  represents  a  j^g  12. 
cylindrical    drum,   driven    by   the 
prime  mover.     The  block  D,  attached  to  the  lever  B  C,  and  the 
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smaller  blocks  with  which  the  chain  E  is  shod,  form  a  brake  which 
embraces  the  drum,  and  which  is  tightened  by  means  of  the  screws 
F,  F,  until  its  friction  is  sufficient  to  cause  the  drum  to  rotate  at 
an  uniform  speed.  The  end  C  of  the  lever  carries  a  scale  G,  in 
which  weights  are  placed  to  an  amount  just  sufficient  to  balance 
the  friction,  and  keep  the  lever  horizontal.  The  lever  ought  to  be 
so  loaded  at  B  that  when  there  are  no  weights  in  the  scale,  it  shall 
be  balanced  upon  the  axis.  The  lever  is  prevented  from  deviating 
to  any  inconvenient  extent  from  a  horizontal  position  by  means  of 
safety  stops  or  guards  H,  K. 

The  weight  of  the  load  in  the  scale  which  balances  the  friction 
being  multiplied  into  the  horizontal  distance  of  the  point  of  suspen- 
sion C  from  the  axis,  gives  the  moTtient  of  friction^  which  being 
multiplied  into  the  angular  velocity  of  the  dnim,  gives  the  raJt^  of 
useful  work  or  effective  jxywer  of  the  prime  mover. 

As  the  whole  of  that  power  is  expended  in  overcoming  the  frio- 
tion  between  the  drum  and  the  brake,  the  heat  produced  is  in 
general  considerable ;  and  a  stream  of  water  must  be  directed  on 
the  rubbing  surfaces  to  abstract  that  heat. 

The  friction  dynamometer  is  simple  and  easily  made ;  but  it  is 
ill  adapted  to  measure  a  variable  effort ;  and  it  requires  that  when 
the  power  of  a  prime  mover  is  measured,  its  ordinary  work  should 
be  inteiTupted,  which  is  inconvenient  and  sometimes  impracticable. 

40.  Itiorin**  Traction  'Djmm.mmmetw. — The  descriptions  of  this 
and  some  other  dynamometers  invented  by  General  Morin  are 
abridged  from  his  works  entitled  Sur  quelquea  AppareiU  dynanu}' 
metriques  and  Notions  fondamerUales  de  Mecanique. 

Fig.  13  is  a  plan  and  fig.  13  a  an  elevation  of  a  dynamometer  for 
recording  by  a  diagi'am  the  work  of  dragging  a  load  horizontally. 
a  a,  bh,  are  a  pair  of  steel  springs,  through  which  the  tractive 
force  is  transmitted,  and  which  serve  by  their  deflection  to  measure 
that  force.  They  are  connected  together  at  the  ends  by  the  steel 
links  /,/  The  effort  of  the  prime  mover  is  applied,  through  the 
link  r,  to  the  gland  d,  which  is  fixed  on  the  middle  of  the  fore- 
most spring;  the  equal  and  opposite  resistance  of  the  vehicle  is 
ap])lied  to  the  gland  c,  which  is  fixed  on  the  middle  of  the  after- 
most spring.  When  no  tractive  force  is  exerted,  the  inward  faces 
of  the  springs  are  straight  and  parallel;  when  a  force  is  exerted, 
the  springs  art)  bent,  and  are  drawn  apart,  through  a  distance  pro- 
portional to  the  force.  The  springs  are  protected  against  being 
bent  so  far  as  to  injure  them  by  means  of  the  safety  bridles  r,  t, 
witl\  their  bolts  6,  e.  Those  bridles  are  carried  by  the  after-gland, 
and  their  bolts  serve  to  stop  the  foremost  spring  when  it  is  drawn 
forward  as  far  as  is  consistent  with  the  preservation  of  elasticity 
and  strengtli. 
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The  frame  of  the  apparatus  for  giving  motion  to  the  paper  band 


Fig.  la 


is  carried  by  the  after-gland.  The  principal  parts  of  that  apparatus 
are  the  following : — 

If  store  drum  on  which  the  paper  band  is  rolled  before  the  com- 
mencement of  tlie  experiment,  and  off  which  it  is  drawn  as  the 
experiment  proceeds ; 

g,  taking-up  drum,  to  which  one  end  of  the  paper  band  is  glu'^d^ 
and  which  dmws  along  and  rolls  up  the  paper  band  with  a  velocity 
pixjportional  to  that  of  the  vehicle.  Fixed  on  the  axis  of  this  dniia 
is  a  fusee  having  a  spiral  groove  roimd  it,  whose  radius  gradually 
increases  at  the  same  rate  as  that  at  which  the  eflfective  ludius  uf 
the  drum  g  is  increased  during  its  motion  by  the  rolling  of  succes- 
sive coils  of  paper  upon  it.  The  object  of  this  is  to  prevent  that 
increase  of  the  effective  radius  of  the  drum  from  accelerating  tho 
speed  of  the  paper  band; 

71  is  a  drum  which  receives  through  a  train  of  wheelwork  and 
endless  screws,  a  velocity  proportional  to  that  of  the  wheels  of  the 
vehicle,  and  which,  by  means  of  a  cord,  drives  the  fusee.  The 
mechanism  is  usually  so  designed  that  the  paper  moves  at  one- 
fiftieth  of  the  speed  of  the  vehicle. 

Between  the  dmms  I  and  g^  there  are  three  small  rollers  to  sup- 
port the  paper  band  and  keep  it  iiteady. 

One  of  the  safety  biidles  carrier  a  pencil  k,  wliich,  being  at  rest 
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relatively  to  tte  frame  of  the  recording  apparatus,  traces  a 
straight  line  on  the  bond  of  paper  as  the  latter  travels  belo^ 
the  pencil.  That  line  is  called  the  zero  line,  and  corresponds  to 
O  X  in  fig.  3. 

An  arm  fixed  to  the  forward  gland  carries  another  pencil,  whose 
position  is  adjusted  before  the  experiment,  so  that  when  there  is 
no  tractive  force  its  point  rests  on  the  zero  line.  During  the  ex- 
periment, this  pencil  traces  on  the  paper  band  a  line  such  as 
ERG,  ^g.  3,  whose  ordinate  or  distance  from  any  given  point  in 
the  zero  line  is  the  deflection  of  the  pair  of  springs,  and  propor- 
tional to  the  tractive  force,  at  the  corresponding  point  in  the  jour- 
ney of  the  vehicle. 

The  areas  of  the  diagrams  drawn  by  this  apparatus,  representing 
quantities  of  work,  may  be  found  either  by  the  method  described 
in  Articles  11,  11  a,  or  by  an  instniment  for  measuring  the  areas  of 
plane  figures,  called  the  Planimeter,  of  which  various  forms  liavo 
been  invented  by  Ernst,  Sang,  Clerk  Maxwell,  Amstler,  nnd 
othei-s. 

A  third  pencil,  actuated  by  a  clock,  is  sometimes  caused  to  mark 
a  series  of  dote  on  the  paper  band  at  equal  intervals  of  time,  and 
80  to  recoixl  the  changes  of  velocity. 

When  one  vehicle  (such  as  a  locomotive  engine)  drags  one  or 
raoi-e  others,  the  apparatus  may,  if  convenient,  be  turned  hind  sido 
before,  and  carried  by  the  foremost  vehicle.  In  such  a  case  tho 
motion  of  the  band  of  paper  ought  to  be  derived,  not  from  a  driving 
wheel,  which  is  liable  to  slip,  but  from  a  bearing  wheel. 

When  the  api)aratus  is  used  to  i-ecord  the  tractive  force  and 
work  performed  in  towing  a  vessel,  the  appai-atus  for  moving  tho 
paper  band  may  be  driven  by  mciins  of  a  wheel  or  fan,  acted  upon 
by  the  water ;  in  which  case,  the  ratio  of  the  velocity  of  the  band 
to  that  of  tho  vessel  should  be  determined  by  experiment. 

Owing  to  the  varieties  which  exist  in  the  elasticity  of  steel,  tlio 
relation  between  the  deflections  of  the  springs  and  the  tractive 
forces  can  only  bo  roughly  calculated  beforehand,  and  should  be 
determined  exactly  by  direct  experiment — that  is,  by  hanging 
known  weights  to  the  springs  and  noting  the  deflections. 

Tho  best  form  of  longitudinal  section  for  each  spring  is  that 
which  gives  the  greatest  flexibility  for  a  given  strength,  and  con- 
sists of  two  parabolas,  having  their  vertices  at  the  two  ends  of  tho 
spring,  and  meeting  base  to  base  in  the  middle — ^that  is  to  say,  tho 
thickness  of  the  spring  at  any  given  point  of  its  length  should  be 
j)roportional  to  the  square  root  of  the  distance  of  that  point  fram 
the  nearest  end  of  the  spring.     To  express  this  by  a  formulai  let 

e  be  the  half-length  of  the  spring; 

k  Uie  thickness  in  tho  middle; 
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« the  distance  of  any  point  in  the  spring  from  the  end  nearest 
to  it; 

K  the  thickness  at  that  point;  then 


'*'=*•  v? <i) 


The  breadth  of  each  spring  should  be  uniform,  and,  according  to 
CJeneral  Morin,  should  not  exceed  from  1^  to  2  inches.  Let  it  be 
denoted  by  h. 

The  following  is  the  formula  for  calculating  beforehand  the  prO" 
hahle  joint  deflection  of  a  given  pair  of  springs  under  a  given  trac- 
tive foi-ce : — 

Let  the  dimensions  c,  A,  5,  be  stated  in  inches,  and  the  force  P 
in  pounds. 

Let  y  denote  the  deflection  in  inches. 

Let  E  denote  the  modtUus  ofdaaticUy  of  steel,  in  pounds  on  tho 
square  inch.  Its  value,  for  different  specimens  of  steel,  varies  from 
29,000,000  to  42,000,000,  the  smaller  values  being  the  most  com- 
mon.    Then 

'''  (^.) 
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The  deflection  should  not  be  permitted  to  exceed  about  one- 
tenth  part  of  the  length  of  the  springs. 

4L  oiMrte*^  RMat*r7  i»rmim«metcr  is  represented  in  flgs.  14,  14  o^ 


Fig.  14 


Fig.  Ha. 


and  18  designed  to  record  the  work  performed  by  a  prime  mover  in 
transmitting  rotatory  motion  to  any  machine.     A  is  a  fast  pulley. 
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and  0  a  loose  piilley,  on  tbe  same  sliaft.  A  belt  tramnnits  motion 
from  the  prime  mover  to  one  or  oLher  of  those  pulleys  according  as 
it  is  desired  to  transmit  motion  to  the  shaft  or  not. 

A  third  pulley,  B,  on  the  same  shaft,  carries  the  belt  which 
transmits  motion  to  the  machine  to  be  driven.  This  pulley  is  also 
loose  on  the  shaft  to  a  certain  extent,  so  that  it  is  capable  of  mov- 
ing relatively  to  the  shaft,  backwards  and  forwards  through  a  small 
4rc,  sufficient  to  admit  of  the  deflection  of  a  steel  spring  by  which 
motion  is  transmitted  from  the  shaft  to  the  pulley. 

One  end  of  that  spring  is  fixed  to  the  shaft,  so  that  the  spring 
projects  from  the  shaft  like  an  arm,  and  rotates  along  with  it 
The  other  end  of  the  spring  is  connected  with  the  pulley  B  near  its 
circumference,  and  is  the  means  of  driving  that  pulley;  so  that  the 
spring  undeigoes  deflection  i)ropoi'tional  to  the  effort  exerted  by 
the  shaft  on  the  pulley. 

,  A  frame  projecting  radially  like  an  arm  from  the  shaft,  and 
rotating  along  with  it,  carries  an  apparatus  similar  to  that  used  in 
tbe  traction  dynamometer,  for  making  a  band  of  paper  move  radi- 
ally with  respect  to  the  shaft  with  a  velocity  proportional  to  the 
epeed  with  which  the  shaft  rotates.  A  pencil  earned  by  this  frame 
tiuces  a  zero  line  on  the  paper  band ;  and  another  pencil  canied 
by  the  end  of  tlie  spring,  traces  a  line  whose  ordinates  represent 
the  forces  exerted,  just  as  in  the  traction  dynamometer. 

The  mechanism  for  moving  the  jmper  band  is  driven  by  a  toothed 
ring  surrounding  the  shaft,  and  kept  at  rest  while  the  shaft  rotates 
by  means  of  a  catch.  When  that  catch  is  drawn  back,  the  toothed 
ring  is  set  free,  rotates  along  with  the  shaft,  and  ceases  to  drive 
the  mechanism;  and  thus  the  motion  of  the  paper  band  can  be 
stopped  if  necessary.     (See  Addendum,  page  80.) 

42.  ITIorln's  Inlegrallng  Dynamometers  record  simply  the  work 
perfonned  in  dragging  a  vehicle  or  driving  a  machine,  without  re- 
cording separately  the  force  and  the  motion.  The  general  principle 
of  tlie  method  by  which  this  is  effected  is  shown  by  fig.  15,  in 

which  A  represents  a  plane  circular 
disc,  made  to  rotate  with  an  angular 
velocity  proportional  to  the  speed  of 
the  motion  of  tho  vehicle  or  machine, 
and  B  a  small  wueel  driven  by  the 
fi-iction  of  the  disc  against  its  edge, 
Fig.  15.  and  having  its  axis  parallel  to  a 

radius  of  the  disc.  The  wheel  B, 
and  some  mechanism  which  it  drives,  are  carried  by  a  frnme 
which  is  carried  by  one  of  the  dynamometer  springs,  and  so  ad* 
justed  that  the  distance,  of  the  edge  of  B  from  the  centre"  of  A  is 
equal  to  the  deflection  of  the  springs,  and  proportional  to  the  effbrt^ 
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The  velocity  of  the  edge  of  B  at  any  instant  being  the  product 
of  its  distance  from  the  centre  of  A  into  the  angular  velocity  of  A, 
im  proportional  to  the  product  of  the  efftirt  into  the  velocity  of  the 
vehicle  or  machine — that  is,  to  the  rate  at  xchich  work  is  performed; 
therefore  the  motion  of  the  wheel  B,  in  any  interval  of  time,  ia 
prn])oriional  to  the  work  performed  in  that  time;  and  that  work  can 
be  recorded  by  means  of  dial  plates,  with  indexes  moved  by  a  train 
of  wheelwork  driven  by  the  wheel  B. 

43.  Indicator —Appllcnlion  to  Ibc  Mram  Engine. — This  instrument 
was  invented  by  Watt,  and  has  since  been  improved  Vjy  ^.*Nuugllt, 
Richards,  and  other  inventors.  Its  object  is  to  record,  l)y  means 
of  a  diagram,  the  intensity  of  the  pressure  exerted  by  steam  against 
one  of  the  faces  of  a  piston  at  each  point  of  the  piston's  motion,  ami 
so  to  afford  the  means  of  computing,  according  to  the  principles  of 
Article  6  and  Article  11,  fii*st,  the  energy  exerted  by  the  steam  in 
driving  the  piston  during  the  for- 
ward stroke;  secondly,  the  work 
lost  by  the  piston  in  expelling  the 
steam  from  the  cylinder  during  tht* 
return  stroke;  and  thirdly,  the 
difference  of  these  quantities,  which 
is  the  available  or  effective  energy  GT 
exerted  by  the  steam  on  the  piston, 
and  which,  being  multiplied  by  the 
number  of  strokes  per  minute  and 
divided  by  33,000  foot-pounds,  gives 

the  INDICATED  HORSE-POWER. 

The  indicator  in  its  present  form 
is  represented  by  fig.  IG.  It  consists 
essentially  of  a  small  cylinder,  fitted 
with  a  piston,  which  cylinder,  by 
means  of  the  screN^ed  nozzle  at  its 
lower  end,  can  be  fixed  in  any  con- 
venient position  on  a  tube  communi- 
cating with  that  end  of  the  engine 
cylinder   where   the    work    of    the  Fig.  10. 

steam    is   determined.      The    com- 
munication between  the  engine  cylinder  and  the  indicator  cylinder 
can  be  opened  and  shut  at  will  by  means  of  a  cock.     When  it  is 
open,  the  intensity  of  the  pressure  of  the  steam  on  the  engine 
piston  and  on  the  indicator  piston  is  the  same,  or  nearly  the  same. 

The  upper  part  of  the  cylindrical  case  contains  a  spiral  spring, 
one  end  of  which  is  attached  to  the  piston  or  to  its  rod,  and  the 
other  to  the  to[)  of  the  casing.  The  indicator  jiiston  is  pre^sed  from 
below  by  the  steam,  and  from  above  by  the  atmosi)here. 


When 
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the  pressure  of  the  steam  is  equal  to  that  of  the  atmosphere,  the 
spring  retains  its  unstrained  length,  and  the  piston  its  oiiginal 
position.  When  the  pressure  of  the  steam  exceeds  that  of  the 
atmosphere,  tlie  piston  is  driven  outwards,  and  the  spring  com- 
pressed ;  when  the  pressure  of  the  steam  is  less  than  that  of  the 
atmosphere,  the  piston  is  driven  inwards,  and  the  spring  extended. 
The  compression  or  extension  of  the  spring  indicates  the  difference, 
upward  or  downward,  between  the  pressure  of  the  steam  and  that 
of  the  atmosphere. 

The  indicator  piston  rod   is  connected  by  links  and  parallel 
motion  with  a  pencil. 

F  (fig.  16)  is  a  brass  drum,  which  rotates  backward  and  forward 
alxmt  a  vertical  axis,  and  which,  when  about  to  be  used,  is  covered 
with  a  piece  of  paper  called  a  "card."  It  is  alternately  pulled  round 
in  one  direction  by  the  cord  H,  which  wraps  on  a  pulley,  and 
pulled  back  to  its  original  position  by  a  spring  contained  within 
itself.  The  cord  H  is  to  be  connected  with  the  mechanism  of  tho 
steam  engine  in  any  convenient  manner  which  shall  insure  that 
the  velocity  of  rotation  of  the  drum  shall  at  every  instant  bear  a 
constant  ratio  to  that  of  the  steam  engine  piston :  the  back  and 
forward  motion  of  the  surface  of  the  drum  representing  that  of  the 
steam  engine  piston  on  a  reduced  scale.  This  having  been  done, 
and  before  opening  the  cock  K,  the  pencil  is  to  be  placed  in  con- 
tact with  the  drum  during  a  few  strokes,  when  it  will  mark  on  the 
card  a  line  which,  when  the  card  is  afterwards  spread  out  flat, 
becomes  a  straight  line.  This  line,  whose  position  indicates  the 
pressure  of  the  atmosphere,  is  called  the  atmoapheric  line.  In  fig. 
17,  it  is  represented  by  A  A. 
Then  the  cock  K  is  opened,  and  the  pencil  moving  up  and  down 

with  the  variations  of  the  pressure 
of  the  steam,  traces  on  l^e  card 
during  each  complete  or  double 
stroke  a  cui*\'e  such  as  B  C  D  E  R 
The  ordinates  drawn  to  that  curve 
from  any  point  in  the  atmospherio 
line,  such  as  HK  and  HG,  indi- 
cate the  differences  between  the 
_  pressure  of  the  steam  and  the  at- 

Y\r  ly  "  mospheric    pressure    at  the   corre- 

sponding point  of  the  motion  of  the 
piston.  The  ordinates  of  the  part  B  C  D  E  represent  the  pres- 
sures of  the  steam  during  the  forward  streke,  when  it  is  driving 
the  piston ;  those  of  the  part  E  B  represent  the  pressures  of  the 
steam  when  the  piston  is  expelling  it  from  the  cylinder. 

To  found  exact  investigations  on  the  indicator  diagrams  of  steam 
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engines,  the  atmospheric  pressure  at  the  time  of  the  experiment 
ought  to  be  ascertained  by  means  of  a  barometer;  but  this  is  gene- 
rally omitted ;  in  which  case  the  atmospheric  pressure  may  be 
assumed  at  its  mean  vahie,  being  14*7  lb&  on  the  square  inch,  or 
2116*4  lbs.  on  the  square  foot,  at  and  near  the  level  of  the  sea. 

Let  A  O  =  H  F  be  ordinates  representing  the  pressure  of  the 
atmosphei'e.  Then  0  F  V  parallel  to  A  A,  is  the  absolute  or  true 
zero  line  of  the  diagram,  corresponding  to  no  pressure;  and  ordi- 
nates drawn  to  the  curve  from  that  line  represent  the  absolute 
intensities  of  the  pressure  of  the  steam.  Let  O  B  and  L  £  be  ordi- 
nates toncliing  the  ends  of  the  diagram;  then 

O  L  represents  the  volume  traversed  by  the  piston  at  each  single 
stroke  (  =  s  A,  where  s  is  the  length  of  the  stroke  and  A  the  area 
of  the  piston); 

The  area  O  B  C  D  E  L  O  represents  the  energy  exerted  by  the 
steam  on  the  piston  during  the  forward  stroke ; 

The  area  O  B  E  L  O  represents  the  work  lost  in  exjielling  the- 
steam  during  the  back  stroke; 

The  area  B  C  D  E  B,  being  the  difference  of  the  above  areas,  re- 
presents the  effective  work  of  the  steam  on  the  piston,  dming  the 
complete  stroke. 

Those  areas  can  be  found  by  the  method  explained  in  Article  11a.. 

The  mean/oncard  ]yressure,  the  inean  back  pressure,  and  the  meaii 
effective  pressure,  are  found  by  dividing  those  three  areas  resp'cc- 
tively  by  the  volume  s  A,  which  is  represented  by  O  L 

Those  mean  pressures,  however,  can  be  found  by  a  direct  process,, 
without  first  measuring  the  areas,  viz. : — 

Divide  the  length  of  the  diagram  O  L  into  any  convenient  num- 
ber, w,  of  equal  parts  (the  usual  munber  is  ten),  and  measure  the 
oi-dinates  at  the  two  ends  and  the  n—\  points  of  division ;  so  that 
ordinates  are  measured  from  n+\  equi-distant  points  in  O L. 

Let  7?o  ^  t^6  first,  p^  the  last,  and  /?,,  p^,  kc,  the  intermediate 
ordinates  of  the  upper  curve  C  D  E ;  let  p'^  be  the  first,  p',  the  last, 
and  p\f  p'fy  &c.,  the  intermediate  ordinates  of  the  lower  cun'e 
E  G  B ;  let  /?.  denote  the  mean  forward  pressure,  p'^  the  mean 
back  pressure,  and  p^  —p'^  the  mean  effective  pressure.     Then 


iO  IXTR01>LCTI0?:. 

It  is  obvious  that  the  mean  effective  pressure  may  be  compnteJ 
at  once  irrespectively  of  the  for\vai*d  and  back  pressures,  and  of  th^ 
true  zero  line,  simply  by  measuring  a  series  of  equi-distant  breadths 
of  the  diagram  perpendicular  to  A  A,  such  as  G  K  ;  the  mean  of 
which  breadths  represents  the  mean  effective  pressure.  That  is,  let 
^0  be  the  first,  b^  the  last,  and  &i,  b^,  &c.,  the  intermediate  breadths; 
then 

p.-p'.=l(^-^  +  b,+h,  +  &c) (2.) 

The  effective  energy  exerted  by  the  steam  on  the  piston  during 
each  double  stroke  is  the  product  of  the  mean  effective  pressure, 
the  area  of  the  piston,  and  the  length  of  stroke,  or 

{p^^p'^)A8; (3.) 

*nd  if  N  be  the  number  of  double  strokes  in  a  minute,  the  indicated 
j(>ower  in  foot-pounds  per  minute  is 

(;>^-y„)AN*; (4.) 

from  which   the   indicated  Iwrse-power  is  found  by  dividing  by 
33,000. 

In  a  Doable  Acting  Engine  the  steam  acts  alternately  on  either 
side  of  the  piston ;  and  to  measure  the  power  accurately,  two  indi- 
cators should  be  used  at  the  same  time,  communicating  i-espectively 
with  the  two  ends  of  the  cylinder.  Thus  a  pair  of  diagi-ams  will 
ho  obtained,  one  representing  the  action  of  the  steam  on  each  face 
of  the  piston.  The  mean  effective  pressure  is  to  be  found  as  above 
for  each  diagi*am  separately,  and  then,  if  the  areas  of  the  two  faces 
of  the  piston  are  sensibly  equal,  tlie  mean  of  those  two  resiUts  is  to 
he  taken  as  the  general  mean  effective  pressure;  which  being  multi- 
plied by  the  area  of  the  piston,  the  length  of  stroke,  and  tidce  the 
number  of  double  strokes  or  revolutions  in  a  minute,  gives  the 
indicated  power  per  minute ;  that  is  to  say,  if  p"  denotes  the  gene- 
cal  mean  effective  pressure,  the  indicated  power  per  minute  is 

p"  A  •  2  N  8. (5.) 

If  the  two  faces  of  the  piston  are  sensibly  of  unequal  areas, 
the  indicated  power  is  to  be  computed  separately  for  each  face, 
and  the  results  added  together. 

If  there  are  two  or  more  cylinders,  the  quantities  of  power 
indicated  by  their  respective  diagrams  are  to  be  added  togetlier. 

The  following  is  an  example  from  a  double  cylinder,  double  act- 
ing engine : — 
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Breadths  of  Diagrams,  Measured  by  a  Scale  Representing 
Pounds  on  the  Square  Inch. 


n  =  lo. 


FIRST  CTLINDER 


ho 
610 


Sum,  .     . 
Half  sum. 


6. 

b. 
h 
bs 


27 
13 


40 


83 
91 
91 
64 
57 
53 
42 

35 
22 


558 


55-8 


36 
12 


48 


24 

97 
96 

84 
64 

57 
46 
40 
32 
22 


562 


709 


562 


709 


Sum, 

Sum  -r  10  =  meaneff.  pres. 

Mean  of  top  and  bottom, 
X  Area  of  piston,  sq.  ins.. 

Mean  effort,  in  lbs., 

X  Stroke,  in  feet,   2^] 

X    revolutions    per  ^ 

minute,  52^,  X  2  =  j 

Indicated  power,  in  ft.- 
Ibs.  per  minute, 

Total  india  power,  in  ft. -lbs.  per  min.,    7 654342  5 
•^  3^000  =  indicated  horse-power,  232 


560 
345 

19320 
262-5 

5071500 
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i6-o 

2'0 


180 


90 
10-5 

8-5 
7  5 
70 
6-6 
6-2 
60 
5-1 
45 


124 
3-8 


i6-2 


8-1 

10-8 
9-0 
80 

7*1 
6-7 
60 
5-6 
5*4 
50 


717 


717 


713 
1380 

98394 
262-5 

j    2582842-5 
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The  inertia  of  the  moving  pnrts  of  the  indicator,  combined  with 
the  elasticity  of  the  spring,  anise  oscillations  of  its  piston.  In 
order  that  the  cn'ora  thus  pn>duced  in  the  indicated  pressures  at 
particular  instants  may  bo  as  small  as  possible,  and  m«y  neutralize 
each  others'  effects  on  the  whole  indicated  power,  the  inertia  ought 
to  be  as  small  as  practicable,  and  the  sprinj]f  as  stiff  as  is  consistent 
with  showing  the  pressures  on  a  visible  scale. 

The  friction  of  the  moving  parts  of  the  indicator  tends  on  tho 
whole  to  make  the  indicated  power  and  indicated  mean  effective 
pressure  less  than  the  truth,  but  to  what  extent  is  uncertain. 

Different  motions  may  also  have  their  relation  to  one  anotl  or 
recorded,  as  those  of  the  engine  piston  and  the  slide  valve;  in  this 
case  the  pencil  motion  is  disconnected  from  the  indicator  piston^ 
and  connected  with  the  slide-valve  rod. 

Tho  conclusions  to  be  drawn  from  tho  figures  of  indicator 
diagrams  will  be  treated  of  in  the  part  of  this  treatise  which 
relates  specially  to  the  steam  engine. 

44.  Indicator— Oibcr  Applications. — The  indicator  may  obviously 
be  used  for  measuring  the  energy  exerted  by  any  fluid,  whether 
liquid  or  gaseous,  in  driving  a  piston;  or  the  work  pcifoi-mod  by  a 
pump,  in  lifting,  propelling,  or  compressing  any  fluid. 

Section  5, — Of  BraJccs. 

45.  Brake*  Briincd  and  cinmrd. — The  contrivances  here  com- 
prehended under  the  general  title  of  Brakes  are  those  by  means  of 
which  friction,  whether  exercised  amongst  solid  or  fluid  particles, 
is  inu'posely  opposed  to  the  motion  of  a  machine,  in  order  either  to 
stop  it,  to  retard  it,  or  to  employ  supei-fluous  energy  diu-ing  uniform 
motion.  The  use  of  a  brake  involves  waste  of  energy,  which  is  in 
itself  an  evil,  and  is  not  to  be  incurred  unless  it  is  necessary  to  con- 
venience or  safety. 

Brakes  may  be  classed  as  follows: — 

I.  Block  brakesy  in  which  one  solid  body  is  simply  pressed  against 
another,  on  which  it  rubs. 

II.  Flexible  brakes,  which  embrace  the  peripheiy  of  a  drum  or 
pulley  (as  in  Prony's  dynamometer.  Article  39). 

III.  Pump  brakes,  in  which  the  i-esistance  employed  is  the  fric- 
tion amongst  the  particles  of  a  fluid  forced  through  a  narrow 
passage. 

IV.  Fa7i  brakes,  in  which  tho  resistance  emi)loyed  ia  that  of  a 
fluid  to  a  fan  i-otating  in  it. 

46.  Action  of  Brnkca  in  Ocncrnl. — The  work  disposed  of  by  a 
brake  in  a  piven  time  is  the  product  of  the  resistance  which  it  pro- 
duces into  the  distance  through  which  that  i*esistance  is  ovcrcomo 
in  a  given  time. 
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To  stop  a  macLine,  the  brake  Aust  employ  work  to  the  amount 
of  the  whole  actual  energy  of  the  machine,  as  already  stated  in 
Article  34.  To  retard  a  machine,  the  brake  must  employ  work  to 
an  amount  equal  to  the  difference  between  the  actual  energies  of 
the  machine  at  the  greater  and  less  velocities  respectively. 

To  dispose  of  surplus  energy,  the  bmke  must  employ  work  equal 
to  that  energy ;  that  is,  the  resistance  caused  by  the  brake  must 
balance  the  surplus  effort  to  which  the  surplus  energy  is  due ;  so 
that  if  n  is  the  ratio  which  the  velocity  of  rubbing  of  the  brake 
bears  to  the  velocity  of  the  driving  point,  P  the  surplus  effort  at 
the  driving  point,  and  R  the  resistance  of  the  brake,  we  ought  to 
have — 

P 

R  =  - (1.) 

It  is  obviously  better,  when  practicable,  to  store  surplus  energy, 
or  to  prevent  its  exertion,  than  to  dispose  of  it  by  means  of  a 
brake. 

When  the  action  of  a  brake  composed  of  solid  material  is 
continuous,  a  stream  of  water  must  be  supplied  to  the  rubbing 
surfaces,  to  abstract  the  heat  that  is  pi-oduced  by  the  friction, 
according  to  the  law  stated  in  Article  1 3. 

47.  Block  Brakes. — When  the  motion  of  a  machine  is  to  be 
controlled  by  J)ressing  a  block  of  solid  material  against  the  rim  of  a 
i-otating  drum,  it  is  advisable,  inasmuch  as  it  is  easier  to  renew  the 
rubbing  surface  of  the  block  than  that  of  the  drum,  that  the  drum 
should  be  of  the  harder  and  the  block  of  the  softer  material — the 
drum,  for  example,  beiog  of  iron  and  the  block  of  wood.  The  best 
kinds  of  wood  for  this  purpose  are  those  which  have  considerable 
strength  to  resist  crushing,  such  as  elm,  oak,  and  beech.  The  wood 
forms  a  facing  to  a  frame  of  iron,  and  can  be  renewed  when  worn. 

When  the  brake  is  pressed  against  the  rotating  drum,  the  direc- 
tion of  the  pressure  between  them  is  obliquely  opposed  to  the 
motion  of  the  drum  so  as  to  make  an  angle  with  the  radius  of  tlie 
tlrum  equal  to  the  angle  of  repose  of  the  nibbing  surfaces  (denoted 
by  C*;  see  Article  13).  The  component  of  that  oblique  pressure  in 
the  direction  of  a  tangent  to  the  rim  of  the  drum  is  the  friction 
(R)  ;  the  component  perj>endicular  to  the  rim  of  the  drum  is  the 
normal  pressure  (Q)  required  in  order  to  produce  that  friction,  and 
is  given  by  the  equation — 

Q  =  7; (1) 

/"being  the  co-efEcient  of  friction,  and  the  proper  value  of  R  being 
determined  by  the  principles  stated  in  Article  46. 
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It  is  in  general  desirable  that  the  brake  should  be  capable  of 
effecting  its  purpose  when  pressed  against  the  drum  by  means  of 
the  strength  of  one  man,  pulling  or  pushing  a  handle  with  one 
hand  or  one  foot.  As  the  required  normal  pressure  Q  is  usually 
considerably  greater  than  the  force  which  one  man  can  exert,  a 
lever,  or  screw,  or  a  train  of  levers,  screws,  or  other  convenient 
mechanism  must  be  interposed  between  the  brake  block  and  the 
handle,  so  that  when  the  block  is  moved  towards  the  drum,  the 
handle  shall  move  at  least  through  a  distance  as  many  times 
greater  than  the  distance  by  which  the  block  directly  approaches 
the  drum,  as  the  required  normal  pressuix)  is  greater  than  the  force 
which  the  man  can  exert. 

Although  a  man  may  be  able  occasionally  to  exert  with  one 
hand  a  foi-ce  of  100  lbs.  or  150  lbs.  for  a  short  time,  it  is  desirable 
that,  in  working  a  brake,  he  should  not  be  required  to  exert  a 
force  greater  than  he  can  keep  up  for  a  considerable  time,  and 
exert  i'ei)eatedly  in  the  course  of  a  day,  without  fatigue — ^that  is  to 
say,  about  20  lbs.  or  25  lbs. 

48.  The  Brnkes  of  Carriage*  are  usually  of  the  class  just  de* 
scribed,  and  are  applied  either  to  the  wheels  themselves  or  to 
diiims  rotating  aloDg  with  the  wheels.  Their  effect  is  to  stop  or  to 
retard  the  rotation  of  the  wheels,  and  make  them  slip  instead  of 
rolling  on  the  road  or  i-ailway.  The  resistance  to  the  motion  of  a 
caniage  which  is  caused  by  its  brake  may  be  less  but  cannot  be 
gi'eat^n'  tlian  the  friction  of  the  stopped  or  retarded  wheels  on  the 
road  or  rails  under  the  load  which  rests  on  those  wheels.  The 
distance  which  a  carnage  or  train  of  can-iages  will  run  on  a  level 
line  during  the  action  of  the  brakes  before  stopping  is  found  by 
dividing  the  actual  eiierg}^  of  the  moving  mass  before  the  brakes 
are  applied  by  the  sum  of  the  ordinary  resistance  and  of  the  addi- 
tional resistance  caused  by  the  bmkes ;  in  other  words,  that  dis- 
tance is  as  many  times  greater  than  the  height  due  to  the  speed  as 
the  weight  of  tlie  moving  mass  is  gi^eater  than  the  total  resistance. 

The  skid  or  slipper  drag,  being  placed  under  a  wheel  of  a  carriage, 
causes  a  resistance  due  to  the  friction  of  the  skid  upon  the  road  or 
rail,  under  the  load  that  rests  on  the  wheel. 

49.  Flexible  Brakes  {A,  J/.,  678). — A  flexible  brake  embraces  a 
greater  or  less  arc  of  the  rim  of  a  drum  or  pulley,  whose  motion  it 
ri'si.sts.  In  some  cases  it  consists  of  an  iix>n  strap,  of  a  radius 
naturally  a  little  greater  than  that  of  the  drum ;  so  that  when  left 
fi-ec,  the  stiap  le mains  out  of  contact  with  the  drum,  and  does  not 
resist  its  motion;  but  when  tension  is  applied  to  the  ends  of  the 
strap,  it  clasp.s  the  drum,  and  pi'oduces  the  required  friction.  The 
rim  of  the  dnim  may  be  either  of  iix)n  or  of  wood.  In  other  cases, 
tli«  l>i-ake  consists  of  a  chain  or  jointed  series  of  iron  bars,  usually 
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fiiced  with  wooden  blocks  on  tho  side  next  the  drum.  When  ten- 
sion is  applied  to  the  ends  of  the  chain,  the  blocks  clasp  the  drum 
and  produce  friction ;  when  that  tension  id  removed,  the  blocks  are 
diawn  back  from  the  drum  by  springs  to  which  they  are  attached^ 
aad  the  friction  ceases. 

The  following  formulae  are  exact  for  |)erfectly  flexible  continuous 
bands,  and  approximate  for  elastic  straps  and  for  chains  of  blocksu 
For  their  demonstration,  the  i-cader  is  referred  to  treatises  od> 
mechanics. 

In  fig.  18,  let  A  B  be  the  drum,  and  C  its  axis,  and  let  tlie- 
direction  of  rotation  of  the  drum  be  indicated 
by  the  aiTOW.  Let  Tj  and  Tg  represent  the 
tensions  at  the  two  ends  of  the  strap,  which 
embraces  the  rim  of  the  drum  throughout  the 
arc  A  B.  The  tension  T^  exceeds  the  tension 
Tj  by  an  amount  equal  to  the  friction  between 
the  strap  and  drum,  R ;  that  is, 

R  =  Ti-Tg. 

Let  e  denote  the  ratio  which  the  arc  of  contact 
AB  bears  to  the  drcwmference  of  the  drum; 
/  the  co-efficient  of  friction  between  the  strap 
and  drum ;  then  the  ratio  T^  .  T^  is  ^  number 
'fohoie  common  logarithm  is  2-7288/c,  or  F»g'  l^* 

^  =  102-7288/c  =,  N (ly 

which  number  having  been  found,  is  to  be  used  in  the  following 
formulae  for  finding  the  tensions  T^,  Tj,  required  in  order  to  pro- 
duce a  given  resistance  R : — 

N 
Backward  or  greatest  tension,  T^  =  R  •  ^^^ — r  ; (2,)^ 

Forward  or  least  tension,  Tg  =  R  •  ^^  • (3.)^ 

The  following  cases  occur  in  pmctice : — 

I.  When  it  is  desired  to  produce  a  great  resistance  compared 
with  the  force  applied  to  the  brake^  the  backward  end  of  the  brake^ 
where  the  tension  is  T^,  is  to  be  fixed  to  the  framework  of  the- 
machinery,  and  the  forward  end  moved  by  means  of  a  lever  or 
other  suitable  mechanism ;  when  the  force  to  be  applied  by  means- 
of  that  mechanism  will  be  Tg,  which,  by  making  N  sufficiently 
great,  may  be  made  small  as  compared  with  R. 
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II.  When  it  is  desired  that  the  reactance  sJuUl  alwaya  he  less  titan 
a  certain  (jiven  force,  the  forward  end  of  the  brake  is  to  be  fixed, 
iind  the  bjxckward  end  pulled  with  a  force  not  exceeding  the  given 
force.  This  will  be  T^;  and,  as  the  equation  2  shows,  how  great 
soever  N  may  be,  R  will  always  be  less  than  T,.  This  is  the 
princi])lc  of  the  brake  apnlied  by  Sir  William  Thomson,  to 
uppanitus  for  paying  out  suomariue  telegraph  cables,  with  a  view 
to  limiting  the  resistance  within  the  amount  which  the  cable  can 
Biifely  bear. 

In  any  case  in  which  it  is  desired  io  give  a  great  value  to  tho 
ratio  N,  the  flexible  brake  may  be  coilcil  s])irally  round  the  drum, 
BO  as  to  make  the  arc  of  contact  greater  than  one  circumference. 

.'50.  Pump  Brakes. — The  resistance  of  a  fluid,  forced  by  a  pump 
through  a  nari-ow  oiifice,  may  be  used  to  dispose  of  superfluous 
energy. 

The  energy  which  is  expended  in  forcing  a  given  weight  of  fluid 
through  an  orifice  is  found  by  multiplying  that  weight  into  the 
height  due  to  the  greatest  velocity  which  its  particles  acquire  in 
that  process,  and  into  a  factor  greater  than  luiity.  which  for  each 
kind  of  orifice  is  determined  ex})erimentally,  and  whose  excess 
above  unity  expresses  the  proportion  which  the  enei-gy  expended  in 
overcoming  the  friction  between  the  fluid  and  the  orifice  bears  to 
the  energy  exi)ended  in  giving  velocity  to  the  fluid. 

The  following  are  some  of  the  values  of  that  factor,  which  will  bo 
denoted  by  1  +  F  : — 

For  an  orifice  in  a  thin  plate,  1  +  F  -  1*054 (1.) 

For  a  straight  uniform  i)ipe  of  the  length  l,  and  whose  hydraulic 
viC(in  depth,  that  is,  the  area  di\  ided  by  the  circumference  of  it« 
cross  s<.'ct ion,  is  m, 

1  +  F  -^  i:.OJ+'^- (2.) 

For  cylindrical  japes,  m  is  oue-iburth  of  the  diameter. 

The  factor  /in  the  last  formula  is  called  the  co-ejficietU  qf/riction 
of  tho  fluid.  For  irafcr  in  iron  pipes,  the  diameter  a  being 
expressed  in  feet,  it^  vahu^,  aoconling  to  Darcy,  is 

-'-''''{'ula) <^-> 

ForaiV,  /--UOOG  nearly (4.) 

Tho  p^rcatcst  velocity  of  the  fluid  particles  is  found  by  dividing 
Iho  volume  of  fluid  dL>charj:<jd  in  a  second  by  the  area  of  the  outlet 
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at  ils  most  coutracted  pai-t  When  the  outlet  is  a  cylindrical 
Hipe,  the  sectional  ai-ea  of  that  pipe  may  bo  employed  in  thia 
ailculation;  but  when  it  is  an  orifice  in  a  thin  plate,  there  is  a 
contracted  vein  of  the  issuing  stream  after  i^assing  the  orifice,  whose 
area  is  on  an  average  about  0-62  of  the  area  of  the  orifice  itself; 
and  that  contracted  area  is  to  be  employeil  in  computing  the 
velocity.  Its  ratio  to  the  ai-ea  of  the  orifice  in  the  plate  is  called 
the  co-efficieiU  of  contra>ction. 

The  computation  of  the  energy  expended  in  forcing  a  given 
quantity  of  a  given  fluid  in  a  given  time  through  a  given  outlet,  is 
expressed  symbolically  as  follows  : — 

Let  V  be  the  volume  of  fluid  forced  through,  in  cvhic  feet  per 
tecond. 

D,  the  density,  or  weight  of  a  cubic  foot,  in  pounds. 

A,  the  area  of  the  orifice,  in  square  feet, 

c,  the  co-efficient  of  contraction. 

r,  the  velocity  of  outflow,  in  feet  per  secmid. 

R,  the  resistance  overcome  by  the  piston  of  the  pump  in  driving 
the  water,  in  pounds. 

fly  the  velocity  of  that  piston,  infeet  jyer  second. 

Then 

'  =  ?L' (^•) 

and 

Rii  =  DV(l  +  F)^; (6.) 

the  factor  1  +  F  being  computed  by  means  of  the  fonnulse  1,  2,  3,  4 
To  find  the  intensity  of  the  pressure  (ji)  within  the  pump,  it  is  to 
be  observed,  as  in  Article  6,  that  if  A'  denotes  the  area  of  tho 
piston, 

V  =  A' w;  R  =  ;?  A; (7.) 

consequently, 

p  =  5,  =  D(l+r)-|^; (8.) 

that  is,  the  intensity  of  tlie  pressure  is  that  due  to  tlie  weiglU  of  a 
vertical  column  of  t/ie  fluid,  wliose  JieiglU  is  greater  tliun  UuU  due  to 
tJte  vetocUy  ofovlflow  in  the  ratio  1  +  F  :  1. 

To  allow  for  the  friction  of  the  piston,  about  one-tenth  may  in 
general  be  added  to  the  result  given  by  equation  G. 

The  piston  and  pump  have  been  spoken  of  as  single ;  and  such 
may  be  the  case  when  the  velocity  of  the  piston  is  uniform.  When 
a  piston,  however,  is  driven  by  a  crank  on  a  shaft  rotating  at  an 
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uniform  speed,  its  velocity  varies;  and  when  a  pump  brake  is  to  be 
applied  to  such  a  sliaft,  it  is  necessary,  in  order  to  give  a  sufficiently 
near  nppi'oximation  to  an  uniform  velocity  of  outflow,  that  thei'e 
Hho\il(l  be  ftt  least,  either  thi*ee  single  acting  pum])e,  driven  by  three 
cranks  making  with  each  other  angles  of  120°,  or  a  pair  of  double 
acting  pumpH,  driven  by  a  pair  of  ciunks  at  right  angles  to  each 
other ;  and  the  result  will  l)e  better  if  the  pum))B  force  the  fluid 
int«>  one  common  air  vessel  before  it  amves  at  the  resisting 
oriHce. 

That  orifice  may  be  pi*ovided  with  a  valve,  by  means  of  which  its 
an»a  can  be  adjusted,  so  as  to  cause  any  required  resistance. 

A  {nimp  brake  of  a  simple  kind  is  exempliiied  in  the  apparatus 
calhul  the  "  cataract"  for  regulating  the  opening  of  the  steam  valve 
in  Min<rle  acting  Kteam  engines.  It  will  be  more  fully  described 
under  the  head  of  those  engines.* 

51.  Fan  Bnikrs. — A  fan,  or  wheel  with  vanes,  revolving  in 
wut4M',  oil,  or  air,  may  be  used  to  dispose  of  surplus  energy;  and 
the  resistance  which  it  causes  may  be  rendered  to  a  certain  extent 
adjiLstabh*  at  will,  l)y  making  the  vanes  so  as  to  be  cajuible  of  being 
8(}t  at  (litforent  angles  with  their  direction  of  motion,  or  at  diflforent 
distunoes  from  their  axis. 

Fan  brakes  are  applied  to  various  machines,  and  are  usually 
adjuHtc^d  so  as  to  pnxluce  the  requisite  resistance  by  trial.  It  is, 
indeed,  by  trial  only  that  a  fnial  and  exact  adjustment  can  bo 
i'lfected ;  but  trouble  and  expense  may  be  saved  by  making,  in  the 
HrHt  phiee,  an  approximate  adaptation  of  the  fan  to  its  pur^iose  by 
cttlcuhitiou. 

The  following  formula*  ai*e  the  results  of  the  experiments  of 
Duchemin,  and  are  approved  of  by  Poncelet  in  his  M-ecaniq  t$ 
IndnstrieUe, 

For  a  thin  fiat  vane,  whose  plane  traverses  its  axis  of  rotation,  let 

A  (hniote  i\\{*  area  of  the  vane ; 

/,  the  diHtance  of  its  centime  of  gitivity  from  the  axis  of  rotatio  i ; 

H,  the  di.stauet^  from  tlie  centre  of  gravity  of  the  entire  vane,  to 
the  (jentre  of  gravity  of  that  half  of  it  which  lies  neai'est  the  axis  of 
rotation ; 

r,  tlie  velocity  of  the  centre  of  gravity  of  the  vane  (=  a  ^,  if  a  la 
the  an;;nlar  velocity  of  rotation); 

J),  the  density  of  the  fluid  in  which  it  moves; 

U  /,  the  moment  of  reHistance  ; 

ky  a  co-erticient,  whose;  value  is  given  by  the  formula 

*  Cuiitlujoub  bruki'^  tuc  nuvv  ap[.licd  in  ruilway  work.     (Sco  Addendum,  page  567.) 
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k^  1-254  +  1C244  ^^; (1.) 

thco 

R  Z  =  U-  D  A  •  ^ (2.) 

2g 

Wben  the  vane  is  oblique  to  its  direction  of  motion,  let  i  denote 
the  aciite  angle  ^hich  its  surface  makes  ^ith  that  direction;  then 
ihe  result  of  equation  2  is  to  be  multiplied  by 

/^. (3.) 

1  +  sin^  t  ^   ' 

It  appears  that  the  resistance  of  a  fan  with  several  vanes  increases 
nearly  in  proportion  to  the  number  of  vanes,  so  long  as  their  dis- 
tances apai-t  are  not  less  at  any  point  than  their  lengths.  Beyond 
tkat  limit  the  law  is  uncei-tain. 

Section  6.-^0/ Fly  Wheds. 

52.  Periodical  FinctiuuiMis  of  Speed  in  a  machine  {A,  M,,  689) 
are  caused  by  the  altei^nate  excess  and  deficiency  of  the  energy 
exerted  above  the  work  performed  in  overcoming  resisting  forces, 
which  pi-oduce  an  alternate  increase  and  diminution  of  actual 
energy,  according  to  the  law  explained  in  Article  30. 

To  deteimine  the  greatest  fluctuations  of  speed  in  a  machine 
mo\ing  periodically,  take  ABC,  in  fig.  19, 
to  represent  the  motion  of  the  driving  point 
daring  one  jieriod ;  let  the  effoi-t  P  of  the 
prime  mover  at  each  instant  be  represented  by 
the  ordinate  of  the  cur\'e  D  G  E  I  F  ;  and  let 
the  sum  of  the  resistances,  i-educed  to  the 
driving  point  as  in  Article  9,  at  each  instant,  ^*S- 19. 

be  denoted  by  R,  and  represented  by  the  ordinate  of  the  curve 
D  H  E  K  F,  which  cuts  the  former  curve  at  the  oi-dinates  A  D, 
B  E,  C  F.     Tlien  the  integral— 


f{F-B)d8, 


being  taken  for  any  part  of  the  motion,  gives  the  excess  or  defi- 
ciency of  energy,  according  as  it  is  positive  or  negative.  For  the 
entire  period  ABC  this  integral  is  notliing.  For  A  B,  it  denotes 
an  excess  of  energy  received^  represented  by  the  area  D  G  EH ;  and 
for  B  C,  an  equal  excess  of  work  performed,  represented  by  the  equal 
iwea  E  K  F  I.     Let  those  equal  quantities  be  each  represented  by 
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A  E.  Then  the  actual  cnci-gy  of  the  machine  attains  a  maximum 
value  at  B,  and  a  minimum  value  at  A  and  C,  and  A  E  is  the 
difference  of  those  values. 

Now  let  v^  be  the  mean  velocity,  v,  the  greatest  velocity,  Vj  the 
least  velocity  of  the  driving  point,  and  2  •  w^  W  the  reduced  inertia 
of  the  machine  (see  Article  15);  then 

^f^- 2 -71^7=  aE; (1.) 

which,  being  divided  by  the  mean  actiud  energy^^ 

gives 

t;?-t^       AE 


.(2.) 


(3.) 


vl     ""  Eo  ' 

and  observing  that  v^  =  {v^  +  Vo)  -^  2,  we  find 

r,  -Vg       -^'E  ly  A  E 

"^'   =  2E„=i^2-7i2W^ 

a  ratio  which  may  be  called  tiie  co-effu'ient  of  fluctuation  of  speed  or 
of  unsteadiness. 

The  ratio  of  the  periodical  excess  and  deficiency  of  energy  A  E 

to  the  whole  energy  exerted  in  one  period  or  revolution,   [Fds, 

lias  been  determined  by  Gcneml  Morin  for  steam  engines  xmder 

Mirious  circumstances,  and  found  to  be  from  — -  to  t  for  sincle 

10        4  ^ 

lylinder  engines.  For  a  pair  of  engines  driving  the  same  shaft, 
with  cranks  at  riglit  angles  to  each  other,  the  value  of  this  ratio  is 
jihout  one-foiu-th,  and  for  three  engines  with  cianks  at  120^,  one- 
twelfth  of  its  value  for  single  cylinder  engines. 

The  following  table  of  the  mtio  A  E  -r-  \V  ds  for  one  revolution 

of  steam  engines  of  different  kinds  is  extmcted  and  condensed  from 
(  a'ncml  Morin*s  works: — 

NoN-ExPANSivE  Engines. 
Length  of  connecting  rod 

Length  of  crank  =^^54 

AE  -i-    fvds  ss         105  118         -125         -132 
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Expansive  Condeksino  Engines. 
Connecting  rod  =  cnmk  X  5. 

Fraction   of   stroke    at)  ]_         £  £         }^         £         _i 

vhich  steam  is  cut  oflj  345678 

^B  -^   fFds      =      -163      173     -178      184     '189     -191 

Expansive  Non-Coxdensino  Engines. 

Steam  cut  off  at  —  —  -  — 

2345 

A  E  -T-   jFds  =  'i6o       '1S6        '2og        '232 

For  double  cylinder  expansive  engines,  the  value  of  the  ratio 
AE  -?-    ITds  may  be  taken  as  equal  to  that  for  single  cylinder 

non-expansive  engines. 

For  tools  warHng  at  intervals,  such  as  punching,  slotting,  and 
plate-cutting  machines,  coining  presses,  <fec.,  A  E  is  nearly  equal  to 
the  whole  work  performed  at  each  operation. 

53.  Fly  WhccU  (/I.  M.y  690). — A  fly  wheel  is  a  wheel  with  a 
heavy  rim,  whose  great  moment  of  inertia  being  comprehended  in 
tlie  reduced  moment  of  inertia  of  a  machine,  reduces  the  co-efficient 

of  fluctuation  of  speed  to  a  certain  fixed  amount,  being  about  ;r-r  for 

orJinaiy  machinery,  and  ^  or  ^  for  machinery  for  fine  purposes. 

Let  —  be  the  intended  value  of  the  co-efficient  of  fluctuation  of 
m 
speed,  and  A  E,  as  before,  the  fluctuation  of  energy.  If  this  is  to 
be  provided  for  by  the  moment  of  inertia  I  of  the  fly  wheel  alone, 
let  a^  be  its  mean  angular  velocity;  then  equation  3  of  Article  52 
is  equivalent  to  the  following : — 

l_i7AE  ... 

Tn-  all' ^  ^^ 

j^rn^AE. ^2.) 

the  geoond  of  which  equations  gives  the  requisite  moment  of  inertia 
of  the  fly  wheel. 

The  fluctuation  of  energy  may  arise  either  from  variations  in  the 
effort  exerted  by  the  prime  mover,  or  from  variations  in  the  resist- 
ance, or  from  both  those  causes  combined.     When  but  one  fly 


<fe 
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wheel  is  used,  it  should  be  placed  in  as  dii'ect  connection  as  possible 
'^'ith  that  part  of  the  mechanism  where  the  gi'eatest  amount  of  the 
iluctuation  originates;. but  when  it  originates  at  two  or  more  points, 
it  is  best  to  have  a  fly  wheel  in  connection  with  each  of  those  points. 

For  example,  let  there  be  a  steam  engine  which  drives  a  shall 
that  traverses  a  workshop,  having  at  intervals  upon  it  pulleys  for 
•driving  various  machine  tools.  The  steam  engine  should  have  a 
fly  wheel  of  its  own,  as  near  as  practicable  to  i1^  crank,  adapted  to 
that  value  of  a  E  which  is  due  to  the  fluctuations  of  the  effort 
applied  to  the  crank-pin  above  and  below  the  mean  value  of  that 
<?ftbi-t,  and  which  may  be  computed  by  the  aid  of  General  Monn's 
tables,  quoted  in  Article  52 ;  and  each  machine  tool  should  also 
liave  a  fly  wheel,  adapted  to  a  value  of  i:^  E  equal  to  the  whole 
work  perlbrmed  by  the  tool  at  one  operation. 

As  the  rim  of  a  fly  wheel  is  usually  heavy  in  comparison  with 
the  arms,  it  is  often  sufficiently  accurate  for  practical  purposes  to 
take  the  moment  of  inertia  as  simply  equal  to  the  weight  of  the 
rim  multiplied  by  the  square  of  the  mean  between  its  outside  and 
inside  radii,  a  calculation  which  may  be  expressed  thus : — 

I  =  W«-2. (3.) 

whence  tlie  weight  of  the  rim  is  given  by  the  formula — 

^^.j^aE^«^ 

it  v'  be  the  velocity  of  the  rim  of  the  fly  wheel. 

The  usual  mean  radius  of  the  fly  wheel  in  steam  engines  is  from 
Viree  to  Jive  times  the  length  of  the  crank. 

The  ordinary  values  of  the  product  mgy  the  unit  of  time  being 
the  second,  lie  between  1,000  and  2,000  feet 

The  fly  wheel  of  a  steam  engine  is  often  itself  a  pulley,  used  to 
transmit  motion  to  machinery  by  means  of  a  belt. 

Section  7. — Of  Regulators  and  Governors  in  General  {A,  M.,  093). 

54.  The  Rcffaiator  of  a  prime  mover  is  some  piece  of  apparatus 
by  which  the  rate  at  which  it  receives  energy  from  the  source  of 
•energy  can  be  varied ;  such  as  the  sluice  or  valve  which  adjusts  the 
«ize  of  the  orifice  for  supplying  water  to  a  water  wheel,  the  appara- 
tus for  varying  the  surface  exjK)sed  to  the  wind  by  wind-mill  sails, 
the  throttle  valve  which  adjusts  the  opening  of  the  steam  pipe  of  a 
Kteam  engine,  and  the  damper  wliich  controls  the  supply  of  air  to 
lis  funiace.  In  prime  movers  whose  speed  and  power  have  to  be 
varied  at  will,  such  as  locomotive  engines,  and  winding  engines  for 
tniues,  the  regxdator  is  adjusted  by  hand. 
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55.  PmdidwM  c;<nrcriionk — In  other  cases,  the  regulator  is  ad- 
justed by  means  of  a  self-acting  apparatus  called  a  governor. 

In  the  most  ordinary  governors,  the  principal  pai-t  of  the 
apparatus  consists  of  a  pair  or  set  of  equal  and  similar  revolving 
pendulums  (see  Article  19)  turning  about  one  vertical  axis,  and 
driven  by  a  train  of  mechanism  which  causes  their  angular  velocity 
of  revolution  to  bear  a  fixed  ratio  to  the  velocity  of  the  prime 
mover.  The  rods  of  the  pendulums  place  themselves  at  an  angle 
with  the  vertical  axis,  such  that  the  common  height  of  the  pendulums 
(BC,  fig.  7,  Article  19)  is  that  corresponding  to  the  number  of 
turns  in  a  second,  as  given  by  equation  2  of  that  Article.  Conse- 
quently, in  a  given  governor,  the  cosine  of  that  angle,  B  C  h-  C  A, 
varies  inversely  as  the  square  root  of  the  speed.  The  regulator 
roust  be  so  adjusted,  as  to  be  in  the  proper  position  for  supplying 
the  proper  amount  of  power  when  the  pendulum  rods  are  at  the 
angle  of  inclination  corresponding  to  the  proper  speed  of  the 
machine.  When  the  speed  deviates  above  or  below  that  amoimt^ 
the  outward  or  inward  motion  of  the  pendulum  rods  acts  on  the 
regulator  so  as  to  open  it  when  the  speed  is  too  low,  and  close  it 
when  the  speed  is  too  high,  either  directly  through  levers  and 
linkwork,  as  in  Watt's  steam  engine  governor,  or  by  throwing  into 
gearing  with  a  revolving  bevel  wheel,  one  or  other  of  a  pair  of 
bevel  wheels  which  move  the  regulator  opposite  ways,  as  in  water 
wheel  govemoi-s,  or  by  means  of  epicyclic  gearing  moving  the 
regulator  in  a  direction  and  with  a  velocity  depending  on  the 
difference  between  the  velocity  of  a  wheel  driven  with  a  speed 
varying  with  that  of  the  engine,  and  a  wheel  rotating  with  a  con- 
stant speed  along  with  the  set  of  pendulums,  as  in  Mr.  Siemens's 
governor. 

56.  Baiaac«a  Gorermon, — Mr.  Silver's  governor  consists  of  a 
p;ur  of  rotating  pendulums,  each  suspended  by  its  centre  of  gi'avity 
from  their  common  axis,  to  which  a  pair  of  springs  tend  to  place 
them  parallel.  When  made  to  rotate,  the  pendulums  diverge  from 
the  axis  until  the  cerUrifagcd  couple  of  each  (Article  22)  balances 
the  statical  moment  of  the  force  exerted  by  the  spring.  This 
governor  is  useful  for  marine  engines,  because  of  its  action  being 
independent  of  the  direction  of  its  axis,  and  of  the  force  of  gravity. 

57.  Fan  AoTenion. — ^Mx.  Hick,  Mr.  G.  H.  Smith,  and  others, 
have  invented  governors  in  which  the  greater  or  less  resistance  of 
air  or  of  some  liquid  to  the  motion  of  a  Ian  driven  by  the  piime 
mover,  causes  the  adjustment  of  the  opening  of  the  regulator. 

The  details  of  r^ulators  and  governors  vary  so  much  with  the 
kind  of  prime  mover  to  which  they  are  applied,  that  they  can  be 
described  in  connection  with  special  prime  movers  only.  (Seep.  531.) 
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iSECTiON  8. — Summary  oftlie  Principles  ofths  Strength  of  Machines, 

58.  NRfnrc  and  DItUIoh  of  the  Subject.  {A.  M,,  244). — The 
present  section  contains  a  very  brief  summary  of  the  application  of 
the  principles  of  the  strength  of  materials  to  the  most  simple  ques- 
tions which  ai'ise  in  designing  machines.  The  rules  are  given 
without  demonstration,  in  as  small  compass  as  possible,  in  order  to 
sjive  the  necessity  of  referring,  in  ordinaiy  cases,  to  more  bulky 
treatises;  and  are  almost  all  abstracted  and  abridged  from  a  treatise 
on  Applied  Mechanics,  Pai-t  II.,  Chapter  III. 

The  load,  or  combination  of  external  forces,  which  is  applied  to 
any  piece,  moving  or  fixed,  in  a  machine,  produces  stress  amongst 
the  particles  ei'  that  piece,  being  the  combination  of  forces  which 
they  exert  in  resisting  the  tendency  of  the  load  to  disfigure  and 
break  the  piece,  which  is  accompanied  by  strain,  or  alteration  of 
the  volumes  and  figures  of  the  whole  piece,  and  of  each  of  its  par- 
ticles. If  the  load  is  continually  inci-eased,  it  at  length  produces 
either /roc^wrc,  or  (if  the  material  is  very  tough  and  ductile)  such  a 
disfigurement  of  the  piece  as  is  practically  equivalent  to  fracture,  by 
rendering  the  piece  useless. 

The  Ultimate  sirangth  of  a  body  is  the  load  requii-ed  to  produce 
fracture  in  some  specified  way.  The  Proof  Strcnjctk  is  the  load 
required  to  produce  the  greatest  strain  of  a  specific  kind  consistent 
with  safety;  that  is,  with  the  retention  of  the  strength  of  the 
material  unimpaired.  A  load  exceeding  the  pi'oof  strength  of  the 
body,  although  it  may  not  produce  instant  fracture,  produces 
fracture  eventually  by  long-continued  application  and  frequent 
repetition. 

The  Working  Load  on  each  piece  of  a  machine  is  made  less  than 
the  proof  strength  in  a  cei-tain  ratio  determined  by  practical 
experience,  in  order  to  provide  for  unforeseen  contingencies. 

Each  solid  has  as  many  diflerent  kinds  of  strength  as  there  are 
different  ways  in  which  it  can  be  strained  or  broken,  as  shown  in 
the  following  classification  : — 

Strain.  Fractura 

T        -x  J-     1  f  Extension     Tearing. 

longitudinal I  Compression Crushing. 

(  DisUirtion    Shearing. 

Transverse *|  Twisting      Wrenching. 

(  Bending       Breaking  across. 

t>\).  Factors  of  Safctr- — A  factor  of  safety  is  the  ratio  in  which 
the  load  that  is  just  snflicient  to  overcome  instantly  the  strength 
of  a  piece  of  material  is  greater  than  the  greatest  safe  ordinary 
"working  load. 
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The  following  table  gives  examples  of  the  values  of  those  facton 
which  occur  in  machines : — 

Doftd  Liya  load,  Live  load^ 

loud.  Greatest  Mean. 

Iron  and  steel, 3  6  from  6  to  40 

Timber, 4  to  5         8  to  10 

Masonry, 4  8 

The  great  factor  of  safety,  40,  is  for  shafts  in  millwork  which 
transmit  very  variable  efforts. 

Almost  all  the  experiments  hitherto  made  on  the  strength  of 
materials  give  the  vltimate  atrengtJi  only.  In  using  those  data  for 
the  designing  of  structures  and  machines,  the  most  convenient  pro- 
cess of  calculation  is  to  multiply  the  intended  working  load  of  a 
piece  by  the  proper  factor,  so  as  to  find  the  breaking  load,  and  to 
make  tibe  ultimate  strength  of  the  piece  equal  to  that  breaking  load. 

60.  The  Pro»r  or  TMting  by  expenmeut  of  the  strength  of  a 
piece  of  material  is  to  be  conducted  in  two  different  ways,  accord- 
ing to  the  object  in  view. 

I.  If  the  piece  is  to  be  aftervxvrda  vsedy  the  testing  load  must  be 
so  limited  that  there  shaU  be  no  possibility  of  its  impairing  the 
strength  of  the  piece;  that  is,  it  must  not  exceed  the  proof  atrengthy 
being  from  one-third  to  one-half  of  the  ultimate  strength.  About 
double  of  the  working  load  is  in  general  sufficient.  Care  should 
be  taken  to  avoid  vibrations  and  shocks  when  the  testing  load 
approaches  near  to  the  proof  strength. 

II.  If  the  piece  is  to  be  aacrific&i  for  the  sake  of  ascertaining  the 
strength  of  the  material,  the  load  is  to  be  increased  by  degrees 
until  the  piece  breaks,  care  being  taken,  especially  when  the  break- 
ing point  is  approached,  to  increase  the  losui  by  small  quantities  at 
a  time,  so  as  to  get  a  sufficiently  precise  result 

The  proof  strength  requires  much  more  time  and  trouble  for  its 
determination  than  the  ultimate  strength.  One  mode  of  approxi- 
mating to  the  proof  strength  of  a  piece  is  to  apply  a  moderate  load 
and  remove  it,  apply  the  same  load  again  and  remove  it,  two  or 
three  times  in  succession,  observing  at  each  time  of  application  of 
the  load,  the  strain  or  alteration  of  figure  of  the  piece  when  loaded, 
by  stretching,  compression,  bending,  distortion,  or  twisting,  as  the 
case  may  be.  If  that  alteration  does  mot  sensibly  increase  by  re- 
peated applications  of  the  same  load,  the  load  is  within  the  limit 
of  proof  strength.  The  effects  of  a  greater  and  a  greater  load  being 
saooessively  tested  in  the  same  way,  a  load  will  at  length  be 
reached  whose  successive  applications  produce  increasing  di^gure- 
ments  of  the  piece;  and  this  load  will  be  greater  than  the  proof 
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strength,  which  will  lie  between  the  last  load  and  the  last  load  but 
one  in  the  series  of  experiments. 

It  was  formerly  supposed  that  the  production  of  a  set,  that  is,  a 
disfigurement  wluch  continues  after  the  removal  of  the  load,  was  a 
test  of  the  proof  strength  being  exceeded;  but  Mr.  Hodgkinson 
showed  that  supposition  to  be  erroneous,  by  proving  that  in 
most  materials  a  set  is  produced  by  almost  any  load,  how  small 
soever. 

The  strength  of  bars  and  beams  to  resist  breaking  across,  and  of 
axles  to  resist  twisting,  can  be  tested  by  the  application  of  known 
weights  either  directly  or  through  a  lever. 

To  test  the  tenacity  of  rods,  chains,  and  ropes,  and  the  resist- 
ance of  pillars  to  crushing,  more  powerful  and  complex  mechanism 
is  required.  The  apparatus  most  commonly  employed  is  the 
hydraulic  press.  In  computing  the  stress  which  it  produces,  no 
reliance  ought  to  be  placed  on  the  load  on  the  safety  valve,  or  on 
a  weight  hung  to  the  pump  handle,  as  indicating  the  intensity  of 
the  pressure,  which  should  be  ascertained  by  means  of  a  pressure 
gauge.  This  remark  applies  also  to  the  proving  of  boilers  by 
water  pressure.  From  experiments  by  Messrs.  Hick  and  LUthy  it 
appears  that,  in  calculatiug  the  stress  produced  on  a  bar  by  means 
of  a  hydraulic  press,  the  friction  of  the  collar  may  be  allowed  for 
by  deducting  a  force  equivalent  to  the  pressure  of  the  water  uj>on 
an  area  of  a  length  equal  to  the  circumference  of  the  collar,  and 
one-eightieth  of  an  inch  broad. 

The  measurement  of  tension  and  compression  by  means  of  the 
hydraulic  press  is  but  a  rough  approximation  at  the  best.  It  may 
be  suflScient  for  an  immediate  practical  purpose ;  but  for  the  exact 
determination  of  genei-al  laws,  although  the  load  may  be  applied 
at  one  end  of  the  piece  to  be  tested  by  means  of  a  hydraulic  press, 
it  ought  to  be  resisted  and  measured  at  the  other  end  by  means  of 
a  combination  of  levers  such  as  that  used  at  Woolwich  Dockyard, 
and  described  by  Mr.  Barlow. 

61.  TeMcicy  {A,  M.y  265,  268,  269).— The  ultimate  strength 
or  breaking  load  of  a  bar  exposed  to  direct  and  uniform  tension  is 
the  product  of  the  area  of  cross-section  of  the  bar  into  the  tenacity 
of  the  material.     Therefore,  let 

P  denote  the  breaking  load,  in  pounds ; 

S  the  area  of  section,  in  square  inches ; 

/the  tenacity,  in  pounds  on  the  square  inch ;  then 

P^/S;    S  =  ? (1.) 

llie  following  are  some  of  the  most  useful  values  of  the  tenacity 
of  materials  used  in  machinery^  in  lb&  on  the  square  inch : — 
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Bronze  or  gun  metal  (copper  8,  tin  i), 36,000 

Copper,  cast, 19,000 

„       sheet, 30,000 

„       bolts, ..36,000 

„       wire, 60,000 

Phosphor  bronze, 22,000  to  57,000 

Iron,  cast,  various  qualities, i3>400  to  29,000 

„      malleable :  boiler  plates, 5i}OOo 

„  „  bars,  rods,  and  bolts,... 60,000  to  70,000 

„  „  wire, 70,000  to  100,000 

Mild  carbon  steel, about  70,000 

Timbeh. 

Ash, 17,000 

Fir  and  pine, 12,000  to  14,000 

Oak, 10,000  to  19,800 

Teak,  Indian, 15,000 

MiscELLAN£0U&     See  pp.  587,  589. 

Hempen  cables, 5)6oo 

Iron  wire  ropes,  'per  square  inch  of  iron, 90,000 

„  „      per  pov/nd  weigJU  to  thefathoniy 4^480 

Leathern  belts,  working  tension, 285* 

%2.  CyUadrioa  BoUcn  nmd.  Pipes. — Let  r  denote  the  radius  of  a 
tiiin  hollow  cylinder,  such  as  the  shell  of  a  high  pressure  boiler ; 

t  the  thickness  of  the  shell ; 

/the  tenacity  of  the  material,  in  pounds  per  square  inch ; 

p  the  intensity  of  the  pressure,  in  pounds  per  square  inch,  re- 
quired to  burst  the  shell.  This  ought  to  be  taken  at  six  times  the 
effective  working  pressure — effective  presswre  meaning  the  excess  of 
the  pressure  from  within  above  the  pressure  from  without,  which 
last  is  usually  the  atmospheric  pressure,  of  14*7  lbs.  on  the  sqiiare 
inch  or  thereabouts. 

Then 

p=4' w 

aad  the  proper  proportion  of  thickness  to  radius  is  given  by  the 
foimnla — 

\'} - <^> 

♦  See  Appendix,  pp.  687-689. 
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The  tenacity  of  good  wrought  iron  boiler  plates  has  been  stated 
as  51,000  lbs.  per  square  inch.  That  of  a  double  ri vetted  joint, 
per  square  inch  of  tlte  iron  hfi  between  tJis  rivet  holes,  is  the  same ; 
that  of  a  single  rivetted  joint  somewhat  less,  as  the  tension  is  not 
uniformly  distributed.  It  is  convenient  in  practice  to  state  the 
tenacity  of  rivetted  joints  in  lbs.  /^er  square  inch  of  the  entire  plate; 
and  it  is  so  stated  in  the  annexed  table,  in  which  the  results  for 
rivetted  joints  are  from  the  experiments  of  Mr.  Fairbaim,  and 
that  for  a  welded  joint  from  an  experiment  by  Mr.  Dunn.  The 
joints  of  plate  iron  boilers  are  single  rivetted ;  but  from  the  man- 
ner in  which  the  plates  break  joint,  analogous  to  the  bond  in 
masonry,  the  tenacity  of  such  boilers  is  considered  to  appi'oach 
more  nearly  to  that  of  a  double  rivetted  joint  than  that  of  a  single 
rivetted  joint. 

Wrought  iron  plate  joints,  double  rivetted,  the  dia- 
meter of  each  hole  being  ^^  of  the  distance  from 

centre  to  centre  of  holes, 35j7oo 

Wrought  iron  plate  joints,  single  rivetted, 28,600 

Wrought  iron  boiler  shells,  with  single  rivetted  joints 

properly  crossed, 34,000 

Wrought  iron  retort,  with  a  welded  joint, 30>75o 

Cast   iron    boilers,   cylinders,    and    pipes   (average 
British  iron), 16,500 

63.  Spherical  Shells,  such  as  the  ends  of  "egg-ended"  cylindrical 
boilers,  the  tops  of  steam  domes,  &c,  are  tioice  as  strong  as  cylin- 
drical shells  of  the  same  radius  and  thickness. 

Suppose  a  shell  of  the  figure  of  a  segment  of  a  sphere  to  have  a 
ciroular  flange  round  its  base,  through  which  it  is  bolted  to  a  flange 
upon  a  cylindrical  shell,  or  upon  another  spherical  shelL 

Let  r  denote  the  radius  of  the  sphere,  in  inches ;     ' 

«^,  the  radius  of  the  ciroular  base  of  the  segmental  shell,  in  inches ; 

p,  the  bursting  pressure,  in  lbs.  on  the  square  inch ; 
then  the  number  and  dimensions  of  the  bolts  by  which  the  flange 
is  held  should  be  such,  that  the  load  required  to  tear  them  asunder 
all  at  onoe  shall  be 

S'Ul6f^p; (1.) 

and  the  flange  itaelf  should  require,  in  order  to  crush  it,  the  follow- 
ing thrust  in  the  direction  of  a  tangent  to  it : — 

^pf'-jW^rpi (2.) 

If  the  B^^ment  is  a  complete  hemisphere,  f'  »  r,  and  the  last 
expression  becomes  =  0. 
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EesiBtaiice  to  a  crushing  force  wiU  be  considei'ed  farther  on. 

64.    Thick  ii«ii«w  Cyiiader  (A.  Jif.,  273). — The  afisumption  that 
the  tension  in  a  hollow  cylinder  is  uniformly 
distributed  throughout  the  thickness  of  the  shell 
is  approximately  true  only  when  the  thickness 
is  small  as  compared  with  the  radius. 

Let  R  represent  the  external  and  r  the  in- 
ternal radius  of  a  thick  hollow  cylinder,  such  as 
a  hydratdic  press,  the  tenacity  of  whose  material 
is/f  and  whose  bursting  pressure  is  p.    Then  we  Fig.  20t 

must  have 

R2  +  r2  -/> \^') 


and,  consequently, 


-r'V^> W 


by  means  of  which  formula,  when  r,/,  and  p  are  given,  R  may  be 
computed. 

65.  Thick  H«ll«w  Sphere  {A.  M.,  275). — In  this  case,  using 
the  same  symbols  as  in  the  last  Article,  the  following  formulse  give 
the  ratios  of  the  bm*sftng  pressure  to  the  tenacity,  and  of  the 
external  to  the  internal  radius  : — 

p  _  2  R8  -  2  r«  .,  . 

/"    R8+  2r3   ^ ^  ^^ 


^^^(%^) « 


2/ 

66.  BeiUv  Slay*  {A,  M,,  276).— The  sides  of  locomotive  fire- 
boxes, the  ends  of  cylindrical  boilers  used  on  land,  and  the  some- 
what similar  forms  used  for  marine  steam  engines,  are  often  made 
of  fiat  plates,  which  are  fitted  to  resist  the  pressure  r— i 

firom  within  by  being  connected  together  across  the     3     o     o  [ocj 
water-space  or  steam-space  between  them  by  tie-     o     o     o     o 
bars,  called  stays  when  long,  bolts  when  short 
For  example,  fig.  21  represents  part  of  the  fiat  side 
of  a  locomotive  fire-box,  and  shows  the  arrange-     o     o     o    o 
ment  of  the  bolts  by  which  it  is  tied  to  the  flat  Fig.  2i. 

plate  at  the  other  side  of  the  water-space.     (See  also  p.  460.) 

Each  of  these  bolts  or  stays  sustains  the  pressure  of  the  steam 
against  a  certain  area  of  the  plate  to  which  it  is  attached.  Thus, 
in  fig.  21,  the  bolt  a  resists  the  pressure  of  the  steam  on  the  square 
area  which  surronnds  it,  and  whose  side  is  equal  to  the  distance 
from  centre  to  centre  of  the  bolts. 
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Let  a  be  the  sectional  area  of  a  stay;  A,  that  of  the  portion  of 
flat  plate  which  it  holds;  p,  the  bursting  pressure,  and/ the  tenacity 
of  the  material  of  the  stay.     Then 

pA 

Experience  has  shown,  that  the  plate,  if  its  material  is  as  stiong 
as  that  of  the  stay,  should  have  its  thickness  equal  to  hcUf  ths 
diameter  of  the  stay.  If  the  plate  be  of  a  weaker  material  than  the 
stay,  its  thickness  should  be  proportionally  inci'eased. 

The  flat  ends  of  cylindrical  boilers  ai*e  sometimes  stayed  to  the 
cylindrical  sides  by  means  of  triangular  plates  of  iron  called  "  gtu- 
teta^  These  plates  are  placed  in  planes  radiating  from  the  axis  of 
the  boiler,  and  have  one  edge  fixed  to  the  flat  end,  and  the  other 
to  the  cylindrical  body.  Each  gusset  sustains  the  pressure  of  the 
steam  against  a  sector  of  the  flat  circular  end.  Considering  that 
the  resultant  tension  of  a  gusset  must  be  concentrated  near  one 
edge,  it  appears  advisable  that  its  sectional  area  should  be  three  or 
four  times  that  of  a  stay  bar  suited  for  sustaining  the  pressure  on 
the  same  area. 

In  marine  boilers  some  of  the  tubes  form  stays ;  there  are  also 
rods  acting  in  a  similar  capacity  (eee  Plate,  p.  474). 

67.  Cyliadricai  fihm. — -when  a  thin  hollow  cylinder,  such  as  an 
internal  boiler  flue,  is  pressed  from  without,  it  gives  way  by 
collapwn^,  under  a  pressure  whose  intensity  has  been  found  by 
Mr.  Fairbaim  {Fhilos.  Trans,,  18oS)  to  vary  nearly  according  to 
the  following  laws  : — 

Inversely  as  the  length ; 

Inversely  as  the  diameter ; 

Directly  as  a  function  of  the  thickness,  which  is  very  nearly 
the  power  whose  index  is  2*19;  but  which  for  ordinaiy  practical 
purposes  may  be  treated  as  sensibly  equal  to  the  sqiuire  of  the 
thickness. 

The  following  formula  gives  approximately  the  collapsing  pressure 
p,  in  lbs.  on  the  square  inch,  of  a  plate  iron  flue,  whose  length  /, 
diameter  d,  and  thickness  t,  are  all  expressed  in  tlte  same  units  ^ 
measure : — 

p  =  9,672.000  f^ (1.) 

Lot  t  and  d  be  expressed  in  inches,  and  let  L  be  the  length  in 
feet;  the  above  fomrala  becomes 

p  =  806,000  ~ (2.) 
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As  the  Tesistanoe  of  flues  to  collapse  depends  very  mudi  on  their 
bemg  exactly  cylindrical,  Mr.  Fairbaim  recommends  that  they 
should  be  made,  not  with  lap  joints,  like  boiler  shells,  but  with 
butt  joints  and  covering  strips. 

Mr.  Fairbaim  having  strengthened  tubes  by  rivetting  round 
ihem  rings  of  T-iron,  or  angle  iron,  at  equal  distances  apai-t,  finds 
that  their  strength  is  that  corresponding  to  the  levigih  from  ring  to 
ring.  Safety  requires  that  the  collapsing  pressure  of  a  flue  should 
be  the  same  with  the  bursting  pressure  of  the  boiler  shell  in  which 
it  is  contained;  and  for  other  reasons  it  is  desirable  that  the  plates 
of  the  flue  should  be  of  the  same  thickness  with  those  of  the  shell. 
The  thickness  of  the  shell  having  been  adapted  to  a  given  bursting 
pressure  by  the  formula  of  Article  62,  and  the  same  thickness  having 
been  assumed  for  the  flue,  its  collapsing  pressure  is  to  be  computed 
by  the  formulse  1  or  2  of  this  Article,  putting  for  Z  or  L  the  whole 
length  of  the  boiler.  Should  the  collapsing  pressure  so  calculated 
prove  less  than  the  bursting  pressure  of  the  shell,  let  n  be  either 
the  ratio 

bursting  pressure 
collapsing  pressure' 

if  that  is  a  whole  number,  or  the  nearest  whole  number  exceeding 
that  ratio,  if  it  is  fractional ;  then  n  —  \  rings  are  to  be  ri vetted 
round  the  flue,  so  as  to  divide  its  length  into  n  equal  divisions; 
when  it  will  become  as  nearly  as  possible  of  the  same  strength  with 
the  shell.     (See  p.  588.) 

(iS,  BiUpticai  Fiacs. — Mr.  Fairbaim  finds  that  the  collapsing 
pressure  of  a  flue  of  an  elliptic  form  of  cross-section  is  found 
approximately  by  substituting  in  the  formulse  of  the  preceding 
Article,  for  d,  the  diameter  of  the  osculating  circle  at  the  flattest 
piui;  of  the  eUipse;  that  is,  let  a  be  the  greater,  and  h  the  less 
temi-aads  of  the  eUipse;  then  we  are  to  make 

.      2a2 
d=   -^ 

69.     SlMarlag  Fmrce  mf  Keys*  Plas*     B«lta,   Rlrels,  &c«    {A,  M., 

280). — ^In  machines,  cases  occur  in  which  the  principal  pieces,  such 
as  plates,  links,  or  bars,  being  themselves  subjected  to  a  direct 
pnll,  are  connected  with  each  other  at  their  joints  by  fastenings, 
such  as  rivets,  bolts,  pins,  screws,  cotters,  or  keys,  which  are  under 
the  action  of  a  shearing  force.  It  is  in  every  such  case  important, 
that  the  pieces  connected  and  their  fastenings  should  be  of  equal 
strength. 

Let y*  denote  the  resistance  per  square  inch  of  the  material  of  the 
principal  pieces  to  tearing;  S,  the  total  sectional  area,  whether  of 
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one  piece  or  of  two  or  more  parallel  pieces,  which  must  be  torn 
asunder  in  order  that  the  structure  may  be  destroyed;  /',  the 
resistance  per  square  inch  of  the  material  of  the  fastenings  to 
shearing;  S',  the  total  sectional  area  of  fastenings  at  one  joint, 
which  must  be  sheared  across  in  order  that  the  connection  may  be 
destroyed  ;  then  the  principal  pieces  and  their  fastenings  ought  to 
be  so  proportioned,  that 


/S  =/•  S'i  or  I'  =  ^. (1.) 


For  wrought  iron  rivetted  plates,  taking  the  value  of/'  as  deter- 
mined by  the  experiments  of  Mr.  Doyne,  we  have 

f 

-^=1  nearly,  and  .  •.  S' =  S (2.) 

When  a  fastening  is  not  tightly  jammed  in  its  hole,  its  area  must 
be  increased  in  the  following  proportion,  to  allow  for  unequal  distribu- 
tion of  stress : — 

Square  fastenings,*  1  ^ ;  round,  1^. 

The  following  are  the  resistances  of  some  materials  to  shearing, 
in  pounds  on  the  square  inch  : — 

Cast  iron, 27,700 

Wrought  iron, 50,000 

Fir  and  pine, 500  to  800 

Oak, 2,300 

70.  rmIm«c«  t«  Direct  Cni»htag  {A,  if.,  282-4,  286).— The 
formula  of  this  Article  have  reference  to  direct  crushing  only,  and 
are  limited  in  their  application  to  those  cases  in  which  the  pillars, 
blocks,  struts,  or  rod!s,  along  which  the  pressure  acts  are  not  so 
long  in  proportion  to  their  diameter  as  to  have  a  sensible  tendency 
to  give  way  by  bending  sideways.     Those  cases  comprehend — 

Stone  and  brick  pillars  and  blocks  of  ordinary  proportions ; 

Pillars,  rods,  and  struts  of  cast  iron,  in  which  the  length  is  not 
more  than  five  times  the  diameter,  approximately ; 

Pillars,  ix>ds,  and  struts  of  wrought  iron,  in  which  the  length  is 
not  more  than  ten  times  the  diameter,  approximately; 

Pillars,  rods,  and  struts  of  dry  timber,  in  which  the  length  is  not 
more  than  about  twenty  times  the  diameter. 

Let  P  denote  the  crushing  load  of  the  piece ; 
V     S  the  area  of  its  tran  verse  section  in  square  inches ; 

/the  resistance  of  the  material  to  crushing,  in  lbs.  on  the  square 
in«h;  then  p 
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MATERIALa  .    £™*^°«P'^'^^ 

in  lbs.  on  the  square  indk 

Brick,  red, 550  to  1,100 

Fire  brick, i>7oo 

Granite, 5,5oo  to  ii,ooo 

Limestone, 4,000  to  4,500 

Sandstone, 2,200  to  5,500 

Rubble  masonry, ^of  cut  stone. 

Cast  brass, 10,300 

Cast  iron, 82,000  to  145,000 

„      „     avei*age, 112,000 

Wrought  iron, about  36,000  to  40,000 

Ash  (dry,  along  the  grain),  9,000 

Oak,  elm,      „  „         10,000 

Fir,  pine,       „  „         5,400  to  6,200 

Teak,  Indian,  „         12,000 

The  resistance  of  timber  to  crushing,  while  green,  is  about  onoi 
half  of  its  resistance  after  having  been  dried 

71.    RcaMaace  mf  lr«a  Wtm4km  tmd  PUIara  t«  Crashing  by  BendlMs 

{A.  if.,  327-335). — Pillars  and  struts  whose  lengths  exceed  their 
diameters  in  considerable  proportions  (as  is  almost  always  the  case 
with  those  of  timber  and  metalV  give  way,  not  by  direct  crushing, 
but  by  bending  sideways  and  oreaking  across — being  crushed  at 
one  side  and  torn  asunder  at  the  other. 

Let  P  be  the  crushing  load  of  a  long  rod  or  pillar,  in  lbs. ; 

8  the  sectional  area  of  material  in  it,  in  square  inches  ; 

r  ^'i.    ®^§^*^'  ^        ,  J.      ^      I  both  in  the  same  units  of  measura 
A,  its  least  external  diameter,  j 

Then,  approximately — 

^=-^ 0) 

The  following  are  the  values  of/ and  a,  as  computed  from  ex- 
periments on  pillars  fixed  at  both  ends,  by  having  flat  capitals 
and  bases: — 

,/,  lbs.  per  inch.  a. 

Wrought  iron  (round  rods), 36,000 

Cast  iron  (hollow  pillai-s), 80,000 „ — 

800 

A  pillar  or  rod  roukded  or  jointed  at  both  ends  is  as  flexible 
an  a  pillar  of  the  same  diameter,  fixed  at  both  ends,  and  of  double 
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the  length,  and  its  strength  is  nearly  the  same.  Hence,  for  such 
pillars — 

P ^, (2.) 

In  the  case  of  a  pillar  fixed  at  one  end  and  jointed  at  the  other, 
for  the  multiplier  4  in  the  denominator  of  the  above  formula, 

substitute^. 

In  using  the  formulie,  the  ratio  r-  is  generally  fixed  beforehand, 

to  a  degree  of  approximation  sufficient  for  the  purposes  of  the  cal- 
culation. 

OoNNEcrma  bods  of  dotible  acting  steam  engines  are  to  be  con- 
sidered as  in  the  condition  of  pillars  rounded  at  both  ends;  piston 
RODS,  as  in  the  condition  of  pillars  fixed  at  one  end  and  rounded  at 
the  other. 

The  piston  rods  of  single  acting  steam  engines  are  exposed  to 
tension  only. 

In  wrought  iron  framework  and  machineiy,  the  bars  which  act 
as  struts,  in  order  that  they  may  have  sufficient  stiffiiess,  are  made 
of  various  forms  in  ci*oss-section,  well  known  as  "angle  iron," 
"channel  iron,"  "  T-iron,"  "  double  T-iron,"  &c.  In  each  of  these 
forms,  the  quantity  represented  by  ^^  in  equation  1  is  to  be  made 
equal  to  16  times  the  square  of  the  least  radius  of  gyration  of  the 
cross-section. 

Wrought  iron  cells  are  rectangular  tubes  (generally  square) 
usually  composed  of  four  plate  iron  sides,  rivetted  to  angle  iron 
bars  at  the  comers.  The  ultvmate  resistance  of  a  single  square  cell 
to  crushing  by  the  buckling  or  bending  of  its  sides,  when  the  thick- 
ness of  the  plates  is  not  less  tham,  one-thirtieth  of  the  diameter  of  the 
cdl,  as  determined  by  Mr.  Eairbaim  and  Mr.  Hodgkinson,  is 

27,000  lbs.  per  square  inch  section  of  iron; 

but  when  a  number  of  cells  exist  side  by  side,  their  stifihess  is 
increased,  and  their  ultimate  resistance  to  a  thrust  may  be  taken  at 

33,000  to  36,000  lbs.  per  square  inch  section  of  iron. 

The  latter  co-efficients  apply  also  to  cylindrical  cells. 

72.  mrtm^flh  mf  Ttaiker  PmIs,  Sfnita,  and  CeaMecUMff  B«d«. — ^Tho 
following  formula  is  given  on  the  authority  of  Mr.  Hodgkinson's 
experiments,  for  the  tdtimaite  resistance  of  posts  of  oak  and  red  pine 
to  crushing  by  bending :— 
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p=4*^j (1-) 

S  being  the  sectional  area  in  square  inches,  hilthe  ratio  of  the 
least  diameter  to  the  length,  and  A  =  3,000,000  lbs.  per  squai-e 
incb. 

The /actor  of  safety  for  the  working  load  of  timber  is  10. 

For  squai-e  posts  and  struts,  the  formula  becomes 

^  =  "^12 (2) 

If  the  strength  of  a  timber  post  be  computed  both  by  this  for- 
mula and  by  the  formula  for  direct  crushing,  viz. : — 

P=/S, (3.) 

the  lesser  value  should  be  adopted  as  the  true  strength. 

Timber  connecting  rods  for  steam  engines,  being  in  the  condition 
of  pillars  jointed  at  both  ends,  are  of  the  same  strength  with  Jlaced 
jnUars  of  double  the  length, 

73.  BesiMaace  f  Cmm  BreakiM^. — The  formuliB  of  this  Article 
are  applicable  not  only  to  beams  for  supporting  weights,  but  to 
levers,  cross-heads,  cross-tails,  axles,  journals,  cranks,  and  all  pieces 
in  machinery  or  fi'amework  to  which  forces  are  applied  tending  to 
break  them  across. 

The  tendency  of  a  force  to  bend  or  break  a  beam  is  called  the 
moment  qfjlexure.  It  is  the  product  of  the  Tnagnitttde  of  the  force 
into  its  leverage — that  is,  into  the  perpendicular  distance  from  the 
line  of  action  of  the  force  to  the  place  where  the  beam  will  soonest 
give  way. 

When  the  load  is  distributed  over  a  finite  length  of  the  beam, 
the  leverage  of  its  resuUanZ  is  to  be  taken. 

The  place  where  the  beam  will  soonest  give  way  is — 

In  a  beam  fixed  at  one  end  and  free  at  the  other,  the  boimdary 
between  the  fixed  and  free  parts  , 

In  a  beam  supported  at  both  ends  and  loaded  at  any  intermedi- 
ate point,  or  supported  at  any  intermediate  point  and  loaded  at  the 
ends,  the  intermediate  point; 

In  a  beam  supported  at  both  ends,  with  an  uniformly  distributed 
load,  the  middle  of  the  beam* 

The  magnHnide  of  the  load  is  most  conveniently  expressed  in 
potmdsy  and  the  leverage  in  inches;  so  that  the  m>oment  qfjlexure 
may  be  said  to  be  expressed  in  inch-pounds. 

In  the  following  formulae,  W  denotes  the  total  load,  in  pounds ; 

c,  in  beams  fixed  at  one  end  and  free  at  the  other,  the  length  of 
ihefree  part,  in  inches ; 
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c,  in  bedims  either  loaded  or  supported  at  both  ends,  the  Tudf 
»pany  between  the  extreme  points  of  load  or  support  and  the  middle, 
in  inches ; 

M,  the  moment  of  flexure  in  inch-pounds. 


For  beams  - 


fixed  at  one  end  and  loaded  ) 
at  the  other, j 


M  =  cW (1.) 


fixed  at  one  end 
formly  loaded,... 


and 


:::} 


(2.) 


supported  at  both  ends  and 
loaded  at  an  intermediate 
point,  whose  distance  from 
the  middle  of  the  beam  is  Xy 


M  =  &=t^..,.) 


supported  at  both  ends  and  )    /^_n\ .  tit— ^^    (L  \ 


loaded  in  the  middle,. 


] 


supported  at  both  ends  and  ) 
uniformly  loaded, J 


.(5.) 


If  W  be  the  intended  breaking  load  of  the  piece,  found  by  mul- 
tiplying the  working  load  by  a  proper  factor  of  safety,  M  will  be 
the  moment  o/rupturey  to  which  the  resistance  to  rupture  at  the 
place  where  the  tendency  to  break  is  greatest  must  be  made  equaL 

That  resistance  is  given  by  the  formula — 

M  =  nfbh^ (6.) 

in  which 

b  denotes  the  extreme  breadth  of  the  piece,  in  inches; 

h  its  extreme  depth,  in  inches ; 

/  a  factor  depending  on  the  material,  called  the  modulus  ofrujp- 
ture,  in  pounds  on  the  square  inch ; 

n  a  factor  depending  on  the  figure  of  the  cross-section. 

M  having  been  computed  from  the  breaking  load  and  its  lever- 
age, and  /and  n  being  known,  the  scantling  or  transvei-se  dimen- 
sions of  the  beam  are  to  be  such  that 

bh^  =  ^, (7.) 

nf  ' 

It  is  obvious  that  the  breadth  and  depth  may  be  varied,  and  still 
give  the  product  b  h^  the  same  value ;  but  there  are  limits  to  that 
variation  foimded  on  considerations  of  stiffness  and  stability,  which 
make  it  desirable  that  in  most  cases  h  should  range  between  one- 
twelfth  and  one-sixteenth  of  the  span,  unless  there  be  special 
reasons  to  the  contrary. 
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The  following  table  gives  examples  of  the  values  of  the  factor  n 
for  some  of  the  more  usual  forms  of  cross-section : — 

L  Rectangle  6  A  (including  square), g- 

IL  Ellipse,  vertical  axis  h,  horizontal  axis  6,)      1     _o^982 
(including  circle,  for  which  h  =  A,) )   10-2  "" 

IIL  Hollow  i-ectangle,  hh  —  Uh',  also  I-formed  j      ^  h'  h'^\ 

section,   where   h'  is    the   sum   of    the  >    -   M^ITJ?)* 
breadths  of  the  lateral  hollows j     ^    \       ^ '^^ 

1     /       /a'*\ 
IV.  Hollow  square,  A2-7*'2 -    V^^W' 

V.  Hollow  ellipse, ^  (l  -^^^. 

VI.  HoUow  circle, ^^  (l-^l). 


Modulus  of  Kupture,  is  Lbs.  on  the  Square  Inch. 

Wrought  iron,  plate  beams, 42,000 

„  „       bars  and  axles, 54,000 

Cast  iron, 18,750  +  23,000—, 

(where  H  is  the  depth  of  solid  metal  in  the  section  of  the 
beam,  and  h  the  extreme  dq}th.) 

Ash, 12,000  to  14,000 

Fir,  pine, 7,000  to  12,300 

Larch, 5,000  to  10,000 

Oak,  British,  Russian,  and  American, 1 0,000  to  1 3,600 

Teak, 14,800 

The  modulus  of  rupture  is  eighteen  times  the  load  required  to 
break  a  bar,  one  inch  square,  supported  at  two  poirits,  one  foot 
apart,  by  being  applied  in  the  middle  of  the  bar. 

The  section  for  cast  iron  beams  first  proposed  by  Mr.  Hodgkin- 
8on,  in  consequence  of  his  discovery  of  the  feet,  that  the  resistance 
of  cast  iron  to  direct  crushing  is  more  than  six  times  its  resistance 
to  tearing,  consists,  as  in  fig.  22,  of  a  lower  flange  6,  an  upper 
flange  A,  and  a  vertical  web  connecting  them.  The  sectional  area 
of  the  lower  flange,  which  is  subjected  to  tension,  is  nearly  six 
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times  that  of  the  upper  flange,  which  is  subjected  to  thrust  In 
order  that  the  beam,  when  cast,  may  not  be  liable  to  crack  from 
^  unequal  cooling,  the  vertical  web  has  a  thickness 

at  its  lower  side  nearly  equal  to  that  of  the  lower 
flange^  and  at  its  upper  side,  nearly  equal  to  that 
of  the  upper  flange. 

The  tendency  of  beams  of  this  class  to  break  by 

tearing  of  the  lower  flange  is  slightly  greater  than 

p.  "2  the  tendency  to  break  by  crushing  of  the  upper 

*^'     '  flange;  and  their  modulus  of  rupture  is  equal,  or 

nearly  equal,  to  the  direct  tenacity  of  the  iron  of  which  they  are 

made,  being,  on  an  average  of  different  kinds  of  British  iron, 

16,500  lbs.  per  square  inch. 

The  following  foi-mula  for  the  moment  of  rupture  of  such  beams, 
though  not  strictly  exact,  is  in  general  near  enough  to  the  truth 
for  practical  purposes : — Let  B  be  the  sectional  area  of  the  lower 
flange,  in  square  inches;  h'  the  depth  in  inches  from  the  centre  of 
the  upper  flange  to  the  centre  of  the  lower  flange;  then 

M  =  16500  ;*'B (8.) 

74.  BcsiaisMce  t«  WrencidMs. — For  equal  values  of  the  modulus 
of  rupture,  denoted  hyf,  the  strength  of  a  cylindrical  axle  to  resist 
wrenching  is  double  of  its  strength  to  resist  breaking  across. 

Let  I  denote  the  length,  in  inches,  of  the  lever  (such  as  a  crank), 
at  the  end  of  which  a  wrenching  or  twisting  force  is  applied  to  an 
axle;  let  the  working  load,  in  pounds,  multiplied  by  a  suitable 
factor  of  safety  (usually  six)  be  denoted  by  W ;  then 

W/  =  M (1.) 

is  the  trenching  moment,  in  inch-pounds. 

The  foUowing  are  the  formulee  which  serve  to  compute  the 
dimensions  of  axles  whose  resistances  to  wrenching  shaU  be  equal 
to  a  given  wrenching  moment : — 

For  a  solid  axle,  let  ^  be  its  diameter;  then 

M=i¥;„d*=v/5TH (,, 

For  a  hollow  axle,  let  h^  be  the  external  and  h^  the  internal 
diameter;  then 


51  A,     ~51     V~h\)' 


and  ^1  = 


•<«•> 
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7b 


which  last  formula  serves  to  compute  the  diameter  of  a  hollow- 
axle  when  the  rcUio  h^  :  h^  of  its  iutei-ual  and  external  diameter  has 
been  fixed. 

The  values  of  the  modulus  of  wrenching/ are — 

For  cast  iron, about  27,700 

For  wrought  irou, „     50,000 

and  taking  six  as  the  factor  of  safety,  if  we  put  the  greatest 
working  moTnent  of  torsion  for  M  in  the  formulee  instead  of  the 
torenching  moment,  we  may  put  instead  of/- — 

For  cast  iron, 4>5oo 

For  wrought  iron, 8,000  to  9,000 

75.  TwlMlag  and  Beadlas  C«mblacMl  {A.  M.,  325). — One  of 
the  most  important  examples  of  this  is  c^own  in  fig.  23,  which 
represents  a  shaft  having  a  crank  at  one 
end.  At  the  centre  of  the  crank-pin  P  is  ap- 
plied the  pressure  of  the  connecting  rod;  and  at 
the  centre  of  the  bearing  S  acts  the  equal  and 
opposite  resistance  of  that  bearing.  Bepresent- 
ing  the  common  magnitude  of  those  forces  by 
P,  they  form  a  couple  whose  moment  is 

M  =  P  •  SP. 


Fig.  28. 


Draw  S  Q  bisecting  the  angle  P  S  M.  On  S  Q 
let  fall  the  perpendicular  P  Q.  From  Q  let  fall 
Q  M  perpendicular  to  S  M. 

Calculate  the  diameter  of  the  shaft  as  if  to  resist  the  bending 
action  of  P  applied  at  M,  and  it  will  be  strong  enough  to  resist  the 
combined  bending  and  twisting  action  of  P  applied  at  the  point 
marked  P. 

To  express  this  symbolically,  taking  the  factor  of  safety  at  6,  let 
W==6P.     Make  the  angle  PS M=j;  then 


SM  =  PS 


1  +C08J 
2       ' 


and  the  diameter  h  of  the  axles  is  to  be  suited  to  the  moment  of 
breaking  ncroea — 


M'=:WSM  =  WSP 


=  W.apl±^ 


ihatii^ 


^_     '/10-2M- 


(1) 

(2.) 

(See  p.  588.) 
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76.  Tc«fb  •r  frheclfc — The  following  is  Tredgold^s  foimuU  for 
the  tbickueflf  of  the  ca«t  iron  teeth  of  wheels,  which  are  to  trans- 
mit the  working  presnure  P. 

Let  that  pressure  be  expressed  in  pounds,  and  the  thickness  h  of 
each  tooth  in  inches;  then 


'=^?. 


P' 

1500' 


BEcrriOM  9. — Prime  Movers  Claued, 

77.  Prime  movers  are  classed  according  to  the  forms  in  which 
the  energy  that  drives  them  is  first  obtain^     These  ai^e — 

I.  Mvscvlar  Power,  applied  by  men  to  machines  and  implements 
of  very  various  kinds, — and  by  beasts,  chiefly  to  overcoming  resist- 
ance by  ti'a<;tiou  and  to  carrying  of  burdens. 

II.  TJie  WeigJU  and  Motion  of  Fluids,  acting  in  water  pressure 
engines,  water  wheels,  and  other  hydiaulic  engines,  and  in  wind- 
mills. 

III.  IJecU,  obtained  by  means  of  chemical  combination,  and 
applied  to  the  producing  of  changes  in  the  volume  and  pressure  of 
fluids,  so  as  to  drive  engines,  of  which  the  steam  engine  is  the  chief. 

IV.  Electricity f  obtained  originally  by  means  of  chemical  com- 
bination, and  applied  to  the  production  and  alteration  of  magnetic 
force,  so  as  to  (Irive  certain  engines. 

The  division  of  the  remainder  of  this  work  is  founded  on  the 
above  classiflcation. 


Addendum  to  Article  41,  Page  46. 

Htmfrf  praam«meier.— In  the  '*Pandynamometer"  of  M.  G.  A. 
Him,  the  torsion  of  the  rotatiog  shaft  which  transmits  (lower  is  made  the 
means  of  moasurinff  and  recording,  by  a  self-acting  apparatus,  the  moment  of 
the  couple  by  which  the  shaft  is  dnven.  Two  toothed  spur-wheels,  fixed 
on  the  Hhaft  at  two  different  points,  communicate  rotations  of  equal  speed  in 
o]ii)osite  directions  to  two  bevel  wheels  which  gear  with  one  mtermediate 
lievel  wheel  at  opposite  sides  of  its  rim.  The  axis  of  the  third  wheel  in- 
dicatofl  by  its  ixwition  one-half  of  the  angle  through  which  the  shaft  is 
twisted  between  the  spur-wheels,  and  communicates  its  motion  to  the  pencil 
of  the  recording  ai>paratus.     (See  Annates  dea  Mines,  18G7.) 
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CHAPTER  I. 

GENERAL  PRINCIPLES. 

78.  Natnre  •f  tke  Aaftdect. — ^Althou^  it  lias  been  shown^  in  a 
paper  by  the  late  Dr.  Joule  and  Dr.  Scoresby  (Phil.  Mag.y  1846), 
that  animals  acting  as  prime  movers  have  a  higher  efficiency  than  any 
inorganic  machines,  still  the  present  state  of  our  knowledge  is  in- 
sufficient to  enable  us  to  frame  a  complete  theory  of  their  efficiency. 
We  cannot  determine  with  precision  the  whole  amount  of  energy 
which  a  given  animal  developes  in  a  given  time,  so  as  to  compare 
that  amount  with  the  energy  which  can  be  rendered  effective  in 
the  same  time  in  overcoming  mechanical  resistance.  All  that  we 
can  do  is  to  ascertain  by  experiment  and  observation  the  quantities 
of  effective  energy  exerted  by  different  animals  working  under  dif- 
ferent circumstances,  and  to  compare  those  quantities  with  each 
other. 

In  the  present  chapter  will  be  stated  some  principles  which  hold 
respecting  the  muscular  power  both  of  men  and  of  beasts.  The 
power  of  men  will  be  considered  specially  in  the  second  chapter, 
and  that  of  beasts  in  the  third. 

79.  The  iHiUj  w«rk  of  an  animal  is  the  product  of  three  quan« 
tities — ^the  resigtance  overcome,  the  velocity  with  which  it  is  over- 
come, and  the  number  of  wnita  of  time  per  day  during  which  work 
ia  continued.  It  is  known  that  the  amount  of  the  daily  work 
depends  on  various  circumstances^  of  which  the  principal  are— 

(1.^  The  species  and  race. 

(2.)  The  health,  strength,  activity,  and  disposition  of  the  in- 
dividual 

(3.)  The  abundance  and  quality  of  food  and  air,  the  climate, 
and  other  external  circumstances  affecting  those  mentioned  under 
head  2. 

f4.)  The  load,  or  resistance  overcome. 

(5.)  The  velocity. 

o 
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!6.)  The  fraction  of  the  day  employed  in  working. 
7.)  The  natm-e  of  the  machine  or  implement  used  in  peiforming 
the  work.  This  cause  affects  men  more  especially,  owing  to  the 
variety  and  complexity  of  the  machines  on  which  they  can  exert 
their  muscular  power.  Beasts  are  made  to  work  almost  exclusively 
in  two  ways — by  traction  and  by  carrying  of  burdens;  so  that 
little  variation  in  the  amount  of  their  mechanical  work  arises  frx>m 
the  circumstances  under  the  present  head. 

(8.)  The  practice  and  training  of  the  individual  This  applies 
principally  to  men,  and  in  a  less  degree  to  beasts. 

80.  iMflMMce  9f  lioad,  Velocltjr,  and  Time  mf  Werklag  •■  Daily 
w«rk. — It  is  known  that  for  each  individual  animal  there  is  a  cer- 
tain set  of  values  of  the  three  factors  of  the  daily  work  which 
makes  their  product  a  maximum,  and  is  therefore  the  best  for 
economy  of  power,  and  that  any  departure  from  that  set  of  values 
diminishes  the  daily  work.  Various  attempts  have  been  made  to 
represent  the  law  of  that  diminution  by  an  equation,  but  they 
have  succeeded  imperfectly.  The  equation  which  agrees  on  tlie 
whole  best  with  observation  is  that  of  Maschek,  which  is  as  fol- 
lows : — Let  Kj,  V^,  Tj,  represent  respectively  the  resistance,  velo- 
city, and  daily  time  of  working  which  give  the  greatest  daily  work, 
and  R,  V,  T,  any  other  resistance,  velocity,  and  daily  time  of  work- 
ing; then 

iL+T/?;  =  3 (^•) 

According  to  this  equation,  the  maximum  daily  work  RjVjTi  is 
realized  under  the  following  circumstances : — 

Rj  is  one-third  of  the  resistance  which  the  man  or  beast  can 
overcome  for  an  instant  and  no  more. 

Vj  is  one-third  of  the  velocity  which  can  be  maintained  without 
resistance  for  an  instant 

Tj  is  one-third  of  a  day.  This  last  principle  is  generally  ad- 
mitted to  be  true;  the  others  are  doubtful 

The  above  formula  agrees  approximately  with  experiment  for 
circumstances  not  greatly  deviating  from  those  in  which  the  daily 
work  is  a  maximum. 

81.  laflacMce  mf  Other  Cbeemmntmmeet* — ^The  circumstances  num- 
bered 4,  5,  and  6  in  Article  79  have  been  considered  firat,  because 
for  them  alone  has  anything  approaching  to  a  mathematical  prin- 
ciple been  ascertained.  The  effect  of  the  circumstance  7  will  be 
considered  in  the  ensuing  chapters.  The  influence  of  the  other 
circumstances,  1,  2,  3,  and  8,  involves  questions  of  natural  history 
and  physiology  rather  than  of  mechanics.  With  respect  to  the 
circumstance  3,  it  may  be  stated,  that  other  tilings  being  alike» 
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the  individual  that  can  beneficially  breathe  most  air  and  digest 
most  food,  can  also  perform  most  muscular  work;  and  inasmuch  as 
the  capacity  for  the  beneficial  digestion  of  food  depends  in  a  great 
measure  on  the  capacity  for  the  beneficial  breathing  of  air,  the 
volume^  strength,  and  soundness  of  the  lungs,  and  the  abundance 
and  purity  of  the  air  supplied  to  them,  are  of  primary  importance 
to  muscular  power. 

It  is  well  known  that,  by  a  reciprocal  action,  muscular  exei*tion 
increases  the  powers  of  respiration  and  digestion. 

82.  In  the  Tnautpmrt  of  l<MMb,  cases  sometimes  occur  in  which 
it  is  impossible  exactly  to  determine  the  resistance  overcome  by  an 
animal ;  and  it  is  consequently  impossible  to  calculate  the  absolute 
value  of  the  work  performed.  But  a  quantity  can  be  computed  in 
each  such  case  which  bears  some  unknown  proportion  to  the  work 
performed,  viz. : — the  prodtuA  of  the  load  into  the  horiaontal  distcmce 
over  which  it  is  cowoeyed.  That  product  is  called  '<  tranaport"  and 
examples  of  its  values  will  be  given  in  the  sequeL 
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POWEB  OF  MEN. 

88.  Table*  mt  Ihe  Perfemuwce  •€  JMen. — The  results  in  the  fol- 
lowing tables  are  given  on  the  authority  of  Coulomb,  Navier,  and 
Poncelet,  with  the  exception  of  those  marked  16,  which  are  from 
experiments  by  Lieutenant  David  Rankine. 

I.  Work  op  a  Man  against  Known  Resistances. 


Kind  or  Exbktioh. 

R 

Iba 

V 

ftp.soo. 

r 

8600 
(hours 
p.  day.) 

RV 

ft..lba 
por  see. 

RVT 
ft-lba.  p.  dty. 

1.  Raising  his  own  weiglit  up 

stair  or  ladder 

148 

0*6 

8 

72*5 

2,088,000 

2.  Hauling   up  weights    with 

rope,    and    lowering    the 

roDfl  unloaded 

40 

0-76 

6 

80 

648,000 
622,720 

a i#arv     MSI a\^favav\4f   •••#  ••••••••• 

8.  Lifting  weights  by  band,. ... 

44 

0-66 

6 

24-2 

4.  Carrying  weights  up  stairs, 

and   returning  unloaded, 

148 

0*18 

6 

18'5 

899,600 

5.  Shovelling  up  earth    to  a 

height  of  5  ft.  8  in., 

6 

1-8 

10 

7-8 

280,800 

6.  Wheeling  earth  in  barrow  up 

slope  of  1  in  12,  i  boriz. 

veloc  0*9  ft  per  sec,  and 

returning  unloaded, 

182 

0-076 

10 

9*9 

866,400 

7.  Pushing  or  pulling  horizon- 

tolly  (capstan  or  oar), 

20-6 

2-0 

8 

68 

1,526,400 

(12  6 

6-0 

? 

02-6 

... 

8.  Turning  a  crank  or  winch, . . . 

-J  180 

2-6 

8 

46 

1,290,000 

(200 

14*4 

2  mins. 

288 

... 

9.  Workinir  numn. 

18*2 

2-5 

10 

88 

1,188,000 

«r  »         »»    ^r«  #»«»«^    ^a«s««^|  •  ■  ■  V  *  V  •  •  ■  V  ■  V  ■  «  ■ 

10,  Hammering, *.••••........ 

16 

? 

8? 

? 

480,000 

ExpUmcUion,  —  R,  resistance;  V,  effective  velocity  ^  distance 
through  which  R  is  overcome  +  total  time  occupied,  including 
the  time  of  moving  unloaded,  if  any;   T",  time  of  working,  in 

■econds  per  day;  ^-~,  same  time,  in  hours  per  day;  R  V,  effective 

power,  in  foot-pounds  per  second;  RVT,  daily  work. 
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IL  Performance  of  a  Man  in  Transporting  Loads 
Horizontally. 


K»D  OF  EXBHTIOK 

L                V 
Ibfl.          ft.p.eec. 

T 

3600 

(honn 

p.  day.) 

Ibfl.  con-  ^  ^^"^  ^ 
veyed    lbs.  conveyed 
Ifoot'       Ifoot 

11.  Walking  unloaded,  transport 
of  own  weight,.... 

140 

224 

132 

90 

140 
(262 
^126 
(    0 

6 

if 
2} 

11-7 
231 

10 

10 

10 

7 

6 

700    26,200,000 

873  :  18,428,000 
220  1    7,920,000 
226  1    6,670,000 

233      6,032,800 
0  1 
1474-2 

0|         ... 

12.  Wbepling  load  L  in  2.whld. 

barrow,  return,  unloaded, 

13.  Ditto  in  1-wh.  barrow,  ditto, 

14.  Travelling  witli  burden, 

16.  Carrying  burden,   returning 

unloaded, 

16.  Carn-ing  burden,  for  30  se- 
conds only,. ■■«...... 

EsEplcmatian. — L,  load ;  V,  effective  veheUy,  computed  as  before; 

T",  time  of  working,  in  seconds  per  day ;  ^^^  ,  in  hours  per  day,  as 

before;  LV,  transport  per  seoondf  in  foot-pounds;  LVT,  daily 
transport. 

84.    W*rk   •f  a   Iff  OB   Balatag   his   Own    ITeisht. —  The    average 

amount  of  this  is  given  in  line  1  of  the  table  in  Article  83,  and  is 
<p'eater  than  the  work  which  the  man  can  perform  by  any  other 
mode  of  exertion.  The  most  simple  method  of  rendering  available 
this  kind  of  work  is  that  invented  by  a  Fi*ench  officer  of  enguieei*s, 
Captain  Coignet,  and  applied  to  the  lifting  of  barrows  of  earth  from 
an  excavation  about  forty  feet  deep.  A  hoist  is  constructed,  con- 
sisting of  a  strong  rope  passing  over  a  large  pulley,  and  having 
suspended  at  each  end  of  it  a  cage  or  enclosed  platform.  Each 
baiTOw  of  earth  on  being  brought  to  the  foot  of  the  hoist  is  placed 
in  the  cage  which  has  just  descended  to  the  lower  level.  At  the 
name  time  a  man  with  an  empty  barrow  steps  into  the  other  cage 
at  the  upper  level,  and  descending  along  with  it,  causes  the  cage  con- 
taining the  full  barrow  to  rise  to  the  higher  level,  and  the  barrow  is 
then  removed.  The  man  then  leaves  the  cage  in  which  he  has 
descended,  and  at  once  returns  to  the  higher  level  by  mount- 
ing a  ladder.  When  he  mounts  the  ladder,  he  stores  energy  to  an 
amount  equal  to  the  product  of  his  weight  into  the  vertic^  height 
of  ascent,  which  energy  is  expended  when  he  descends  in  one  cage 
and  raises  the  load  in  the  other.  A  party  of  men  are  employed  in 
this  operation  alone,  the  barrows  being  wheeled  to  and  from  the 
hoist  by  othei-s.     There  is  one  man  whose  sole  duty  it  is  to  attend 
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to  the  machine,  and  either  by  hand  or  by  means  of  a  brake  to  con- 
trol the  motion  when  it  tends  to  become  too  rapid. 

The  velocity  of  vertical  ascent  given  in  the  table  being  the 
effedme  velocity  only,  is  found  by  dividing  the  whole  height 
ascended  in  a  day  by  the  whole  number  of  seconds  occupied, 
whether  in  ascendmg  or  in  descending. 

85.  liiAiHf  Weights  by  a  B*pe. — ^The  data  in  line  2  of  the  tables 
are  obtained  from  the  results  of  the  exertions  of  men  in  working  a 
ringing  pile  engine,  in  which  a  heavy  ram  moving  vertically  between 
guides  is  attached  to  a  rope  passing  over  a  pulley.  The  other  end 
of  the  ix>pe  branches  out  into  sevend  smaUer  ropes,  held  by  a  suffi- 
cient number  of  men,  in  the  proportion  of  about  one  man  for  each 
40  lb.  weight  of  the  ram.  The  men,  pulling  all  together,  lift  the 
ram  from  three  to  four  feet,  and  let  it  drop  suddenly  on  the  head 
of  the  pile.  It  is  found  that  they  work  most  effectively  when, 
afler  every  three  or  four  minutes  of  exertion,  they  have  an  interval 
of  rest. 

86.  Other  ]ii«dM  •€  Bxertien, — It  is  scarcely  necessary  to  state 
that  in  none  of  the  lines  of  the  first  table  except  that  marked  1  ia 
the  weight  of  the  man  himself  included  in  any  load  which  he  is 
stated  as  moving. 

In  line  6,  the  resistance  R  =  132  lbs.  is  the  net  voeigkt  of  the 
earth  in  the  barrow,  and  excludes  the  weight  of  the  barrow 
itsel£  The  mean  actual  velocity  going  and  returning  is  1*8  feet 
per  second ;  but  as  the  effective  velocity  is  to  be  computed  from  the 
distance  travelled  when  loaded  only,  it  is  one-half  of  1*8,  or  0*9  foot 
per  second  ;  and  as  the  rate  of  ascent  of  the  slope  is  1  in  12,  the 
effective  vertical  velocity  is  0*9  -r- 12  =  0*075  of  a  foot  per  seoond, 
as  set  down  in  the  column  V.  It  is  to  be  observed  that  the  work 
set  down  in  this  line  is  that  due  to  the  vertical  radmig  of  the  earth 
only,  and  is  by  no  means  the  whole  work  performed  by  the  man ; 
the  conveying  the  earth  horizontally  also  involves  the  overcoming 
of  resistance  and  performing  of  work,  though  to  what  amount  is 
only  known  by  a  rough  approximation  to  be  mentioned  in  the  next 
Article. 

Line  7  shows  that,  next  to  raising  his  own  weight  up  a  ladder, 
the  most  favourable  modes  of  exerting  a  man's  strength  are  the 
pushing  of  a  capstan  bar  and  pulling  of  an  oar. 

Next  in  amount  of  daily  work,  as  shown  by  line  8,  is  the  tam- 
ing of  a  crank  or  winch — ^the  ordinary  mode  of  driving  purchases^ 
cranes,  monkey  pile  engines,  and  a  great  variety  of  other  machines. 

The  result  in  line  9,  relative  to  working  a  pump,  will  also  apply 
to  windlasses  which  are  worked  by  levers  in  the  position  of  pump 
handles.  It  applies,  amongst  other  pumps,  to  those  of  hydraulic 
presses — a  kind  of  machine  which,  idthough  generally  worked  by 
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men,  involves  hydrodynamic  principles,  which  make  it  necessary  to 
defer  its  contdderation  till  Part  II.  of  this  work. 

In  line  10,  relative  to  swinging  a  15  lb.  hammer,  some  of  the 
data  are  wanting,  and  the  result  is  doubtfuL 

87.  TnuaapMtiBg  iiwidi. — In  the  seoond  table,  the  only  line  in 
which  the  weight  of  the  man  is  taken  into  account  is  that  marked 
11,  where  his  own  weight  is  the  only  load  conveyed. 

By  comparing  line  13  in  the  second  table  with  line  6  in  the  first, 
it  appears  that  the  exertion  of  wheeling  a  load  of  earth  horizontally 
in  a  one-wheeled  barrow  from  ten  to  twelve  feet  or  thereabouts, 
must  be  nearly  equal  to  that  due  to  the  raising  of  the  same  earth 
one  foot  vertioEdly  in  wheeling  it  up  a  slope. 
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CHAPTER  IIL 


POWER  OF  HORSES  AND  OTHER  BEASTS. 


88.  Table*  •f  the  Performanee  of  Horses. — The  results  in  the 
followiDg  table  are  given  on  the  authority  of  Navier  and  Ponoelet, 
except  the  line  marked  1,  which  is  from  experiments  by  Mr.  David 
Bankine  and  the  Author.  Line  2  contains  the  mean  of  several 
results  of  experiments  on  draught  horses,  and  may  be  considered 
the  average  of  their  ordinary  performance  under  the  most  feivourable 
circumstances  as  to  time  of  working  and  velocity. 

I.  Work  op  a  Horse  aqainst  a  Known  Resistance. 


R 

v 

3600    1     ^^ 

RVl 

1.  Canta4Dg  and  trotting,  draw- 

ing a  light  railway  car- 
riage (thoroughbred), 

2.  Horse  drawing  cart  or  boat, 

walking  (draught  horse), 

8.  Hone  drawing  a  gin  or  mill, 

walking, 

(min.  22} 
<meau30|V 
(max.  60 j 

120 

100 
66 

Mi 

8-6 

8-0 
65 

4 

8 

8 

447i 

482 
AflO 

6,444,000 

12,441,600 

8,640,000 
6,950,000  i 

4.  Ditto,  trotting, 

4^      429 

Explanation, — R,  resistance,  in  lbs.;  V,  velocity,  in  feet  per 
second ;  T  -f-  3600,  hours'  work  per  day ;  R  V,  work  per  second  ; 
R  V  T,  work  per  day. 

II.  Performance  of  a  Horse  in  Transporting  Loads 
Horizontally. 


KlHD  or  EXfcXTIOM. 

L 

V  i  3-L 

LV 

lvt 

5.  Walking  with  cart,  always 
loaded, 

1,600 
760 

1,600 

270 
180 

3*6         10 
7*2          44 

6,400 
6,400 

8,000 

972 

1,296 

III      ll 

6.  Trotting  ditto......... 

7.  Walking    with    cart,    going 

loaded,  returning  empty; 
V  =  J  mean  velocity, 

8.  Carrying  burden,  walking,... 

9.  Ditto,  trotting, 

2-0 
8-6 
7-2 

10 

10 

7 
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ExpUmtx^Mi, — L,  load,  in  lbs. ;  V,  velocity  in  feet  per  second ; 
T -7- 3600,  working  hours  per  day;  LV,  transport  per  second; 
X«  V  T,  transpoi't  per  day. 

Table  II.  has  i*eference  to  conveyance  on  common  roads  only,  and 
those  evidently  in  bad  order  as  respects  the  resistance  to  ti'actiou 
upon  them. 

The  average  power  of  a  draught  horse,  as  given  in  line  2, 

432 
Table  I.,  being  432  foot-pounds  per  second,  is  -^^  =  0*785  of  the 

conventional  value  assigned  by  Watt  to  the  ordinary  unit  of  the 
rate  of  work  of  prime  movers  (Article  3). 

89.  Oxen.  JfiaiM,  Amcs. — Authorities  differ  considerably  as  to 
the  power  of  these  animala  The  following  may  be  taken  as  an 
appi-oximative  comparison  between  them  and  draught  horses : — 

Ox. — Load,  the  same  as  that  of  average  draught  horse ;  best 
velocity,  and  work,  |  of  horse. 

Mule. — Load,  one-half  of  that  of  average  draught  horse ;  best 
▼elocity,  the  same  with  horse ;  work,  one-half. 

Asa — Load,  one  quarter  of  that  of  average  draught  horse ;  best 
velocity,  the  same ;  work,  one  quarter. 

90.  HorM  oiB. — In  this  machine,  as  is  shown  by  line  3,  a  horse 
works  less  advantageously  than  in  drawing  a  carriage  along  a 
straight  track.  In  order  that  the  best  possible  results  may  be 
realized  with  a  horse  gin,  the  diameter  of  the  circular  track  in 
which  the  horse  walks  shoidd  not  be  less  than  about  forty  feet. 

91.  Tread  IThccIs  for   Hones  aad  Oxen   have    been    USed,    each 

consisting  of  a  plane  circular  platform,  rotating  about  an  axis 
somewhat  inclined  to  the  vertical,  and  ribbed  to  prevent  the  feet  of 
the  animal  from  slipping.  The  animal  walks  continually  up  the 
slope  of  the  platform  at  or  near  one  end  of  the  horizontal  diameter, 
and  by  its  weight  causes  the  platfoi*m  to  rotate  against  a  resistance. 


PAET  IL 

OP    WATER   POWER  AND   WIND   POWER. 
CHAPTER  L 

OP  SOURCES  OP  WATER  POR   POWER, 

92.  Natare  of  Semrce*  to  CeneniL — The  original  source  of  water 
power  is  the  solar  heat,  which  evaporates  liquid  water  from  the 
surface  of  the  earth  and  sea.  The  vapour,  condensing  in  the  upper 
and  oolder  regions  of  the  atmosphere,  &lls  as  rain,  and  forms 
streams,  whose  waters,  in  descending  from  a  high  to  a  low  level, 
exert  eneigy  equal  to  the  product  of  the  weight  of  water  which 
descends  into  the  height  through  which  it  descends.  In  the  natural 
condition  of  a  stream,  the  whole  of  the  energy  due  to  the  descent 
of  its  waters  is  employed  in  wearing  and  carrying  away  the 
materials  of  its  bed,  and  in  producing  heat  by  friction;  but  by 
proper  management,  a  part  of  that  energy  can  be  made  available  to 
overcome  the  resistance  of  machines. 

The  art  of  collecting  and  distributing,  for  useful  purposes,  the 
rain-jGEill  of  a  district, — of  planning  and  making  reservoirs  for  stoiing 
part  of  it  in  seasons  of  flood,  in  order  to  supply  its  deficiency  in 
seasons  of  drought,  and  of  adapting  natural  lakes  to  answer  the  same 
purposes — the  art  of  preserving  and  improving  the  natural  channels 
in  which  it  flows,  and  of  planning  and  making  artificial  channels, 
constitute  a  great  and  important  branch  of  civil  engineering,  and 
cannot  be  considered  within  the  limits  of  the  present  treatise,  whose 
object,  as  applied  to  water  power,  is  to  set  forth  the  principles  and 
the  mode  of  action  of  those  engines  which  render  that  power  avail- 
able when  a  convenient  source  has  been  obtained;  that  is  to  say^ 
a  stream,  discharging  a  given  quantity  of  water  per  second,  and 
having  a  given  vertiod  descent  within  a  convenient  distance.  Such 
a  combination  of  circumstances  makes  a  "  mill  site"  or  "  pall." 

93.  P^wer  •f  a  Fall  af  Waicr— fiflcleacr* — ^The  groSS  power  of  a 
M  of  water  is  the  product  of  the  weight  of  water  discharged  in  a 
riven  unit  of  time  (such  as  a  second,  or  a  minute),  into  the  total 
kBod;  that  is,  the  difference  of  vertical  elevation  of  the  u^pper  8ur/ac0 
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of  ike  waJber  at  the  points  where  the  fall  in  question  begins  and  enda 
To  express  this  in  symbols,  let 

Q  be  the  flow,  or  volume  of  water  discharged,  in  cubic  feet  per 
second; 

D,  the  weight  of  a  cubic  foot  of  water,  in  lbs.,  =  62-4  Iba,  neai-ly ; 

H,  the  total  head;  then 

DQH (1) 

is  the  grosB  povjer,  in  foot-lbs.  per  second ;  which  being  divided  by 
550,  gives  the  gross  horse-power. 

There  is  in  every  case  a  certain  loss  o/Iiead  arising  from  the  waste 
of  energy  in  various  ways  to  be  afterwards  mentioned.  That  waste 
can  usually  be  computed  in  the  form  of  a  cei-tain  fraction  of  the  whole 
energy  exerted;  let  k  denote  that  fraction;  then  the  effective power^ 
in  foot-lbs.  per  second,  is 

(1-A)DQH; (2.) 

and  the  efficiency  is 

1-*; (3.) 

^  H  is  called  the  loss  of  heady  and  (1  -  A:)  H  the  effective  head. 

94.  RleaMireaieiit  •f  a  Itoarce  •f  ITater  Power. — Two  things  are 
to  be  measured  about  a  fall  of  water,  the  head  H,  and  the  flow  Q. 
The  head  is  measui'ed  by  the  ordinary  opei-ation  of  levelling.  The 
flow  is  measured  by  diflerent  methods,  according  to  circumstances. 

I.  In  large  streams,  the  flow  can  in  general  be  only  measured 
directly ;  that  is,  by  finding  the  area  of  cross-section  of  the  stream, 
trieasuring  by  suitable  instruments  the  velocities  of  the  current,  at 
vaiious  points  in  that  cross-section ;  taking  the  mean  of  these 
velocities,  and  multiplying  it  by  the  sectional  area.  The  most 
convenient  instrument  for  such  measurements  of  velocity  is  a  small 
light  revolving  fan,  on  whose  axis  there  is  a  screw,  which  drives  a 
tiuin  of  wheel  work,  carrying  indexes  that  record  the  number  of 
revolutions  made  in  a  given  time.  The  whole  apparatus  is  fixed  at 
the  end  of  a  pole,  so  that  it  can  be  immersed  to  diflerent  depths  in 
diflerent  parts  of  the  channel  The  relation  between  the  number 
of  revolutions  of  the  fan  per  minute,  and  the  corresponding  velocity 
of  the  current,  should  be  determined  expeiimentally,  by  moving  the 
instrument  with  diflerent  known  veloo'ties  through  a  piece  of  still 
water,  and  noting  the  revolutions  of  the  fan  in  a  given  time. 

II.  When  from  the  want  of  the  proper  instrument,  or  any  other 
cause,  the  velocity  of  the  current  cannot  be  measiired  at  various 
points,  the  velocity  of  its  swiftest  part,  which  is  at  the  middle  of  the 
surface  of  the  stream,  may  be  measured  by  observing  the  motions  of 
any  convenient  body  floating  down.     Let  this  greatest  velocity  in 
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feet  per  second  be  denoted  by  Y ;  then  aooordiug  to  an  empirical 
fonnula  of  Prony's,  the  mean  velocity  is 


»  =  V 


7-71  +  V 
10-28  +  V 


.(1.) 


m.  When  the  stream  is  so  small  that  it  is  practicable  to  make 
across  it  a  temporary  weir,  such  a  weir  is  to  be  made,  care  being 
taken  that  it  shall  be  perfectly  water  tight  at  every  point  except 
the  outlet  through  which  the  whole  flow  of  the  stream  is  to  pass. 
The  site  ought  to  be  chosen  with  a  view  to  the  tightness  and 
security  of  the  weir;  and  the  channel  of  the  stream  immediately 
below  the  weir  should  be  straight,  in  order  that  the  rapid  current 
rushing  from  the  outlet  may  not  injure  the  banks. 

The  outlet  should  be  a  notch  or  depression  in  the  upper  edge  of  a 
vertical  board ;  hence  weirs  of  this  class  are  called  no^A  hoards.  In 
^g.  24,  A  repre- 
sents a  front  view, 
and  B  a  vertical 
section,  of  a  notch 
board  with  a  rec- 
tangular notch. 

The  sides  and 
bottom  of  the 
notch    should    be  ^'^'^^' 

chamfered  to  a  fine  edge,  with  a  vertical  sur&ce  opposed  to  the 
water  in  the  pond  above  the  weh-,  as  shown  in  the  section  B ;  and 
the  better  to  fulfil  this  condition,  the  notch  may  be  edged  all  round 
with  thin  sheet  iron.  The  object  of  this  is,  to  prevent  as  far  as 
possible  the  friction  and  cohesion  between  the  water  and  the  edge 
of  the  notch  from  interfering  with  the  result. 

A  vertical  scale^  divided  into  feet  and  decimals,  and  having  its 
zero  at  the  level  of  the  lower  edge  of  the  notch,  is  to  be  placed  in 
the  pond  above  the  notch  board,  at  some  point  where  the  water  is 
either  sensibly  still,  or  has  a  very  slow  motion  only;  and  the  height 
at  which  the  surface  of  the  water  stands  on  that  scale  is  to  be  noted 
from  time  to  time. 

Let  h  he  that  height,  in  feet ;  let  6  be  the  breadth  of  the  notch, 
also  in  feet  Then  the  flow,  in  cubic  feet  per  second^  is  given  by  the 
formula 

Q^^^'bhjrpi; (1.) 


2g  being  64*4,  and  J2ghthe  velocity  due  to  the  height  h;  while 
c  is  a  fraction  called  the  co-efficient  of  contractum,  expressing  tlie 
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ratio  which  the  sectional  area  of  the  most  contracted  part  of  the  jet 
or  cascade  flowing  from  the  notch  bears  to  the  area  of  the  rectangle 
b  h. 

The  above  formula  may  also  be  expressed  as  follows  : — 

Q  =  5-35  c  b  hi •(2,) 

It  is  advisable  that  the  breadth  of  the  notch  should  not  be  less 
than  one-fourth  of  that  of  the  weir.  It  may  have  any  convenient 
breadth  from  that  amount  up  to  the  entire  width  of  the  weir. 

The  values  of  the  co-efficient  of  contraction  are — 

For  a  notch  of  ^  of  the  width  of  the  weir, '595 

For  a  notch  of  the  whole  width  of  the  weir, "667 

and  for  intermediate  proportions^  the  following  empirical  formula  im 
very  nearly  correct : — 

•'=«-^^^To^- (3) 

B  being  the  breadth  of  the  weir. 

When  the  velocity  of  the  current  at  the  point  where  the  vertical 
scale  stands  is  too  large  to  be  neglected,  let  Vq  denote  that  velocity 
(called  the  vdocUy  ofapproa6h),  and 

the  height  due  to  it.  Then,  according  to  Mr.  Neville's  work  on 
Hydraulics,  the  flow  is  the  diflerence  between  that  frt>m  a  still  pond 
due  to  the  height  h  '\-  h^  and  tliat  due  to  the  height  /^oj  so  that  it 
is  given  by  the  formula 

Q  =  5'^5cb{{h  +  h)^  -  M} (^O 

When  Va  cannot  be  directly  measured,  it  can  be  computed  approxi- 
mately by  taking  an  approximate  value  of  Q  from  equation  2,  and 
dividing  by  the  sectioned  area  of  the  channel  at  the  place  where  the 
scale  stands. 

Table  op  Values  of  c  and  5  35  c. 

b  o  ^ 

-, I'D       o'9      0-8      07      0-0      0-5      0-4      o*3      0*25 

JD 

c, -667      '66      '65      -64      -63       62      -61       60      '595 

5*35  c,  3*57      353    3*48    3*42    3'37    3'3«    3a6    3-21    318 

*  At  Ib  easfly  computed,  as  follows,  by  the  aid  of  an  ordinary  table  of  squares  and 
cubes : — Look  in  the  column  of  squares  for  the  nearest  square  to  h\  then  opposite,  ia 
the  column  of  cubes,  will  be  an  approximate  value  of  At. 
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IV.  Besides  the  Tariations  in  the  co-efficient  of  contraction 
already  stated,  which  depend  on  the  proportion  between  the 
breadths  of  the  weir  and  of  the  notch,  there  are  other  variations 
which  liave  been  reduced  to  no  general  law,  depending  on  the 
proportions  of  the  dimensions  of  the  notch  to  each  other. 

To  avoid  this  inconvenience, 
Professor  Thomson  of  Bel- 
fast has  adopted  a  form 
notch  in  which  the  section  of 
the  issuing  jet  is  always  of  a 
similar  figure — that  is  to  say, 
a  triangle  with  the  apex  down- 
wards, as  in  fig.  25.  ^'  ^^' 

Let  h  be  the  depth,  in  feet,  of  the  apex  of  the  notch  below  the 
sur&oe  of  still  water  in  the  pond,  b  the  breadth  of  the  notch  (U  the 
level  of  the  surface  of  aiill  vxUer;  then  the  area  of  the  triangle 
bounded  by  that  level  and  the  edges  of  the  notch  la  ^bh;  and 
theory  gives  for  the  discharge  in  cubic  feet  per  second — 

8c    bh 


Mr.  Thomson's  experiments,  made  for  the  British  Association, 
give  for  the  co-efficient  of  contraction — 

when  &  =  2  A,  c  =  '595 ; )  /g  v 

when  6  =  4  A,  c  =  -620;  J  ^  '^ 

and  consequently  for  the  discharge — 

=  2A,Q  =  2o4At;)  ^. 

=  4A,Q  =  5-3At.    J   ^  ^^ 


when  b  =  ; 
when  5  : 


v.  Instead  of  an  open  notch  in  the  top  of  a  weir  board,  there 
may  be  an  orifice,  or  a  row  of  orificea,  wholly  beneath  the  level  of 
the  water  in  the  pond  In  that  case,  on  account  of  the  variations 
in  the  co-efficient  of  contraction  which  occur  when  the  orifice  has 
various  proportions  of  length  to  breadth,  and  also  when  the  ratio 
of  the  head  of  water  above  the  orifice  to  the  breadth  of  the  orifice 
varies,  it  is  desirable  to  select  such  forms  and  proportions  as  shall 
give  rise  to  the  smallest  variations.  For  that  purpose  the  orifices 
should  be  made  either  square  or  circular  ;  and  their  size  should  be 
such  that  the  height  of  the  surface  of  still  water  in  the  pond  shall 
not  be  less  at  any  time  than  three  times  tlie  diameter  of  an  ori- 
fice.    These  conditions  being  fulfilled,  let  A  be  the  area  of  an 


96  WATER  POWER  AND  WIND  POWER. 

orifice^  h  the  depth  of  its  ceMre  below  the  upper  8ur£EU»  of  still 
water ;  then  the  flow  through  it  in  cubic  feet  per  second  is 

Q  =  c A  J2jh:. (9.) 

the  values  of  c  being — 

For  round  orifices, o-6i8 

For  square  orifices, 06 

and  the  values  of  c  J2g  =  8*025  c — 

For  round  oi'ifices, 4*9^ 

For  square  orifices, 4*815 

No  very  serious  error  will  be  incurred  by  using  these  co-efiicients^ 
even  when  the  height  h  falls  to  cUmble  the  diameter  of  the  orifice. 

VI.  When  the  edge  of  an  orifice  partly  coincides  with  the  bor- 
der of  the  channel  by  which  the  water  is  brought  to  it,  so  that  the 
water  is  partially  guided  in  a  straight  course  towards  the  oriflce^ 
the  case  is  called  one  of  pa/rtial  contraction;  and  in  computing  the 
dischai^e,  instead  of  the  co-efficient  c,  there  is  to  be  employed — 

c  +  009  n; (10.) 

n  being  the  fraction  of  the  edge  of  the  orifice  which  coincides  with 
the  borier  of  the  channel  This  formula  is  Mr.  Neville's,  and  is 
shown  by  him  to  be  sensibly  correct  when  n  is  any  fraction  not 
exceeding  |. 

The  editor  appends  the  following  investigation  by  the  late 
Professor  Eankine  of  the  value  of  the  theoretical  co-efficient  of 
contraction  in  a  jet  of  water  issuing  from  a  large  cistern  with  a 
pipe  going  into  it  The  investigation  was  laid  before  the  Pro- 
fessor's Class  of  Civil  Engineering  and  Mechanics  in  Glasgow 
University,  Session  1866-67  :— 

Let  a  =  area  of  orifice  in  feet. 

„    V  s=  velocity  of  outflow  in  feet  per  second. 

„    cav      =  number  of  cubic  feet  per  second. 
„    D  =  weight  of  a  cubic  foot  of  water, 

then,  D  c  a  1?  =  weight  of  flow  per  second. 

Now,  the  reaction  or  backward   pressure  exerted  against  the 

reservoir  =  ;  the  pressure  m  the  reservoir  =  -^  '>  multi 

plying  the  latter  expression  by  a,  and  equating,  we  have — 
D  cav^      Dv^a  1 

—g 27-' *••*"-  2- 
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CHAPTER  IL 

OF  WATER   POWER  ENGINES  IN  GENERAL. 
95.   P«rls  and  Appendage*  of  Water  Power  BagiHea. — In  every 

water  power  engine,  or  in  connection  with  it,  there  exist  the  fol- 
lowing parts,  or  parts  equivalent  to  them  : — 

I.  The  CHANNEL  OP  SUPPLY,  or  HEAD  RACE,  whereby  water  is 
brought  to  the  engine,  and  which  extends  from  the  beginning  of 
the  fall  to  the  place  where  the  water  begins  to  act  on  the  mecha- 
nism. It  may  be  an  open  conduit,  or  a  close  pipe,  or  a  combina- 
tion of  both.  Economy  of  power  requires  that  it  should  be  as  large 
as  possible :  economy  of  first  cost  that  it  should  be  as  small  as 
possible.  The  right  mean  is  a  matter  for  the  judgment  of  the 
engineer  in  each  particular  case.  This  channel  usually  commences 
at  a  head  reservoir  or  pond,  and  the  lower  end  of  it  is  sometimes 
<xf  such  dimensions  as  to  constitute  a  second  reservoir  or  perUstock. 
The  lower  end  of  the  supply  channel  is  of  various  kinds  and  forms 
according  to  the  nature  of  the  engine. 

II.  The  WASTE  CHANNEL,  or  BYE  WASH,  whereby  any  flow  of 
water  which  is  in  excess  of  that  required  for  the  stream,  and  which 
there  is  not  reservoir  room  to  store,  is  discharged  into  the  natural 
drainage  channels  of  the  country.  This  geneitdly  commences  with 
a  weir  or  overfall  forming  part  of  the  boundary  of  a  reservoir,  and 
of  such  length  that  the  greatest  possible  flow  of  waste  water  can 
escape  over  it  without  rising  to  a  dangerous  or  inconvenient  height 

IIL  The  REGULATOR,  being  the  sluice,  valve,  or  other  apparatus 
whereby  the  flow  of  water  delivered  by  tiie  head  race  to  the  engine 
is  adjusted  to  the  work  to  be  peiformed.  For  reasons  which  will 
afterwards  appear,  economy  of  power  requires  that  the  regulator 
should  be  as  close  as  possible  to  the  engine,  and  therefore  at  the 
lower  end  of  the  channel  of  supply.  The  regulator  is  very  fire- 
quentlj  controlled  by  a  governor,  usually  of  the  revolving  pendulimi 
class  (Art  55),  of  which  the  details  will  be  exemplified  farther  on. 

I Y.  The  ENGINE  PROPER,  being  the  machine  to  which  the  water 
transmits  energy. 

V.  The  TAIL  RACE,  by  which  the  water  is  discharged  after  having 
driven  the  engine,  and  which  terminates  at  the  bottom  of  the  fisiU. 
The  same  principles  of  economy  of  power  and  economy  of  cost 
apply  to  this  as  to  the  head  race. 

n 
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96.  The  CImms  of  water  Power  BBglnee  are  : — 

I.  Water-bucket  engines,  in  which  water,  poured  into  ras- 
pended  buckets,  causes  them  to  descend  yerticallj,  and  so  to  lift 
loads  or  overcome  other  resistance,  as  in  certain  hydraulic  hoists. 

II.  Water-pressxtre  engines,  in  which  water  by  its  pressure 
drives  a  piston. 

III.  Vertical  water  wheels,  being  wheels  rotating  in  a  verti- 
cal plane,  and  driven  by  the  weight  and  impulse  of  water.  These 
are  the  most  common  of  all  water  power  engines. 

lY.  Horizontal  water  wheels,  or  turbines,  being  wheels 
rotating  in  a  horizontal  plane,  and  driven  by  the  pressure  and 
impulse  of  water. 

V.  Eahs  and  jet  pumps,  in  which  the  impulse  of  one  mass  of 
fluid  is  used  to  drive  another. 

97.  Wnter  Power  BBglnee  wIlli  ArtUlclal  Senroes. — The  smooth- 
ness and  steadiness  of  motion,  and  some  other  advantages  of  wat^r 
power  engines,  sometimes  occasion  the  use  of  machines  exactly 
resembling  them  in  everything,  except  that  the  flow  and  head  of 
water  are  produced  artificially — ^for  example,  by  pumps  worked  by 
hand,  as  in  the  common  hydraulic  press,  or  by  pumps  worked  by 
steam,  as  in  some  hydraulic  hoists  and  cranes,  and  in  some  water 
wheels  for  dnving  fine  manufacturing  machinery,  which  are  sup- 
plied by  pumping  steam  engines. 

Such  machines  are  not,  properly  speaking,  prime  movers  for 
obtaining  energy  from  natural  sources,  but  ra&er  pieces  of  mecha- 
nism for  transmitting  and  conveniently  applying  energy  already 
obtained  by  means  of  other  prime  movers.  The  identity  of  their 
construction  and  action,  however,  with  those  of  true  water  power 
engines,  renders  it  advisable  to  consider  them  in  the  present 
treatise. 

98.  Form     AMomed    by    Bnergy    of    FaU  {A,    M,,   619-621).— 

Let  a  continuous  and  uniform  stream,  whose  volume  of  flow  is  Q 
cubic  feet  per  second,  and  weight  of  flow  D  Q  lbs.  per  second, 
descend  from  the  height  or  head  of  H  feet  to  a  given  point  of  dis- 
charge. That  stream  is  capable  of  performing  work,  by  the  direct 
ACTION  OF  ITS  WEIGHT  in  descending,  to  the  amount  of 

D  Q  H  fb.-lbs.  per  second (1.) 

Now  suppose  that  from  the  original  elevation  H  of  the  upper 
surface  of  the  stream,  down  to  a  point  whose  elevation  above  the 
bottom  of  the  fall  is  z  feet,  the  descent  of  the  water  takes  place 
uxithoui  resistance.  It  will  at  the  latter  point  possess  the  power  of 
performing  work  by  its  toeight  to  the  amount  of 

D  Q«  fL-lbs.  per  second  only; (2.) 
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bat  suppoeing  the  source  to  be  a  reservoir,  where  the  velocity  is 
insensible,  the  stream  will  now  by  its  free  descent  through  the 
height  H  —  «,  have  acquired  the  velocity — 


t;=^2(/(H-;.); (3.) 

so  that^  before  being  brought  back  to  an  insensible  velocity,  it  is 
capable,  by  impulse,  of  i)erfonning  the  additional  work  due  to  its 
acttud  energy,  viz. : — 

—^  =  DQ  (H-«)  fL-lbs.  per  second, (4.) 

^g 

which  being  added  to  the  quantity  of  work  in  the  expression  2, 
reproduces  D  Q  H,  the  total  original  power. 

Next,  let  the  stream  be  supposed  to  descend,  in  9,  close  pipe  w> 
large  that  the  velocity  of  current  is  still  insensible,  from  the  ori- 
ginal head  H  to  the  less  elevation  z  above  the  bottom  of  the  fall. 
Then,  as  in  the  last  example,  equation  2,  the  stream  will  at  the 
latter  point  possess  the  power  of  performing  D  Q «  ft-lbs.  per 
second  only  of  work  hy  its  weight;  but  its  preaeure  will  have 
become,  in  lb&  on  the  square  foot — 

P  =  'D(H-*); (5.) 

and  BY  MEANS  OF  ITS  PRESSURE  the  Stream  will  be  capable  of  per- 
forming work  to  the  amount  of 

;>  Q  =  D  Q  (H-«)  ft-lbs.  per  second, (6.) 

which  being  added  to  the  quantity  of  work  in  equation  2,  repro- 
duces the  total  original  power  D  Q  H,  as  before. 

It  appears,  then,  that  if  it  were  possible  for  a  stream  to  descend 
absolutely  without  resistance  from  the  elevation  H  to  any  less 
elevation  above  the  bottom  of  the  fall,  and  if  the  pressure  at  the 
latter  elevation  were  p  lbs.  on  the  square  foot,  and  the  velocity  v 
feet  per  second,  the  power  or  energy  per  second  at  that  elevation, 
being  equal  to  the  original  power,  would  be  expressed  by 


q(p  +  D«  +  ^=DQH; (7.) 

vetolJie  preeewre  be  denoted  hj  p-i-  D — 


or,  iS  ^6  height  due  to  the  pressure  h^  denoted  by  p -s-  D — 
In  this  expression. 
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:orm- 


(9.) 


jN  Q  /    I  £\  is  potential  energy^  or  capacity  for  perft 
^  \    '  D/         ing  work  by  weight  and  pressure. 

T\  Q  ,_2^    actual  energy,  or  capacity  for  performing  work 
2  ^'         by  impulse. 

The  following  equation : — 

«  +  S  +  B-^' <^<^> 

shows,  that  at  a  given  elevation  «,  where  the  velocity  of  the  stream 
is  V,  and  the  pressure  p,  there  is, 

Besides  the  actual  head  z, 

A  vwiual  head,  composed  of — 

The  height  due  to  the  velocity,  v^  -*-  2  </, 
And  the  height  due  to  the  pressure,  /?  -i-  D, 

making  together  a  total  head,  which,  if  the  stream  has  descended 
without  resistance,  is  equal  to  the  original  head  H. 

Throughout  this  Article,  and  the  present  Part  of  the  treatise, 
when  not  otherwise  specified,  pressure  is  used  to  mean,  the  excess  of 
the  pressure  of  the  water  above  ttiat  of  the  atmosphere, 

99.  i<«M  of  Head  is  the  form  in  which  the  effect  of  waste  of 
energy  in  the  stream  of  water  during  its  descent  is  most  con- 
veniently expressed.  It  may  be  denoted  in  the  form  of  a  certain 
fraction  of  the  total  head — 

and  then 

H-A==(1-A/)H (1.) 

will  be  the  ofoaHahle  head; 

D  Q  (H  -  A)  =  (1  -A^)  D  Q  H, (2.) 

the  amanlahle  power,  or  the  energy  exerted  per  second  by  the  fall  on 
the  engine;  and 

1-*^  =  ^*. (3.) 

the  Mciency  of  the  fall. 

l£,m  the  working  of  the  engine,  there  is  a  further  waste  of  the 
fhiotion  h"  of  the  energy  exert^  on  it,  so  that  the  useful  ^est  is 

(1  -^  (1-*^)  D  Q  H, (4.) 
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then  1  -  ^^  is  the  effi4:iency  of  the  mechcmism,  and 

(l-F)  (1  -k)  =  1  -A;  (as  in  Article  93) (5.) 

the  reguUarU  efficiency  of  the  fall  and  engine  combined 
The  causes  of  loss  of  head  ai^e,  the  velocity  of  the  current  in  the 

tail  race,  and  fluid  friction. 

I.  Current  in  the  tail  rcbce, — If  v'  be  the  velocity  with  which  the 

stream  is  discharged  along  the  tail  race,  there  must  be  a  descent  of 

v'^'i-2g  to  produce  that  velocity,  which  descent  is  a  loss  of  head. 

Hence,  as  stated  in  Article  95,  the  tail  race  should  be  as  large  as 

is  consistent  with  due  economy  of  first  cost 
IL  Friction  of  paasagee  and  channda  in  general. — ^Let  A  be  the 

sectional  area  of  any  passage  or  channel  along  which  the  stream  is 

conveyed,  then 

^=1 («•) 

is  the  mean  velocity  of  the  current  through  it. 

The  loss  of  head  from  friction  is  expressed  by  the  following 
general  formula : — 

^■Ti- <'•> 

that  is,  the  product  of  the  height  due  to  the  velocity  by  %.fa^stor  of 
resistance  F,  whose  value  depends  mainly  on  the  nature,  form,  and 
dimensions  of  the  passage. 

The  friction  takes  effect  in  open  channels  by  producing  a  decli- 
vity of  the  surface  and  a  loss  of  actual  head ;  in  a  close  pipe  it 
takes  effect  by  diminishing  the  pressure,  and  the  virtual  head  due 
to  it. 

A  few  values  of  the  factor  denoted  by  F  have  already  been  given 
in  Article  50,  under  the  head  of  "  Pump  Brakes."  They  will  now 
be  repeated  in  greater  detail,  and  with  several  additions. 

III.  Friction  of  an  or^ke  in  a  thin  plate: — 

F  =  0-054 (8.) 

IV.  Frietian  of  moutJipieces  or  entrances  from  reservoirs  inio 
pipes, — Straight  cylindrical  mouthpiece,  perpendicular  to  side  of 
reservoir: — 

F  =  0-505 (9.) 

The  same  mouthpiece  making  the  angle  i  with  a  perpendicular 
to  the  side  of  the  reservoir : — 

F  =  0-505  +  0-303  sin  i  +  0-226  sin^  i (10.) 
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For  a  mouthpiece  of  the  form  of  the  "  contracted  vein,"  that  is, 
one  of  such  a  form,  that  if  (^  be  its  diameter  on  leaving  the  reser- 
voir, then  at  a  distance  d^2  from  the  side  of  the  reservoir  it  con- 
tracts to  the  diameter  *7854  d, — the  resistance  is  insensible,  and 
F  nearly  =  0. 

V.  Friction  at  stidden  erda^gements, — Let  A  be  the  sectional 
area  of  a  channel,  in  which  a  sluice,  or  slide  valve,  or  some  such 
object,  produces  a  sudden  contraction  to  the  smaller  area  a,  fol- 
lowed by  a  sudden  enlargement  back  again  to  the  original  area  A. 
Let  t7  =  Q  -T-  A  be  the  velocity  in  the  enlarged  part  of  the  channel 
The  effective  area  of  the  orifice  a  will  be  c  a,  c  being  a  co-efficient  of 

contraction  whose  value  may  be  taken  at  '618  -s-  a/  1  —  -618  — . 

Let  the  ratio  in  which  the  channel  is  suddenly  enlarged  be  denoted 

by  ^ 

w  =  A  ^  c  a  =  v/ (2-618^2-  -  1-618) (11.) 

Then  mv  ia  the  velocity  in  the  most  contracted  part  It  appears 
that  all  the  energy  due  to  the  difference  of  the  velocities,  m  v  and  v, 
is  expended  in  fluid  friction,  and  consequently  that  there  is  a  loss 
of  head  given  by  the  formula — 


(^-l)*-!^^ (12.) 

so  that  in  this  case 

F  =  (m-1)2 (12  a.) 

VL  Friction  in  pipes  and  conduits. — Let  A  be  the  sectional  area 
of  a  channel ;  b  its  border,  that  is,  the  length  of  that  part  of  its 
girth  which  is  in  contact  with  the  water;  I  the  length  of  the  chan- 
nel; then,  for  the  friction  between  the  water  and  the  sides  of  the 
channel — 

F=/-x5 (13-) 

in  which  the  co-efficient /has  the  foUowing  values : — 
For  iron  pipes  {d  =  diam.  in  feet),/=  OOOo^l  +  J^)* (1^) 
For  open  conduits...... /=  000741  +  l^^tli (15.) 

The  ratio  j-  is  called  the  "hydratUic  mean  d^th"  of  the  channel,  and 
for  cylindrical  and  square  pipes  running  full  is  obviously  one-fourth 
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of  the  diameter ;  aud  the  same  is  its  value  for  a  semiH^jlindrical  open 
conduit,  and  for  an  open  conduit  whose  sides  are  tangents  to  a  semi- 
circle of  a  diameter  equal  to  twice  the  greatest  depth  of  the  conduit. 
In  an  open  conduit,  the  loss  o^head — 


A 

takes  place  as  an  actual  fall  in  the  surface  of  the  water,  producing 
a  declivity  at  the  rate — 

^-•^•i^-  (17) 

and  by  the  last  two  formules  are  to  be  determined  the  fall  and  the 
rate  of  declivity  of  open  head  races  and  tail  races  of  given  dimen- 
sions, which  are  to  convey  a  given  flow.  In  close  pipes,  the  loss  of 
head  takes  place  in  the  virtual  head  due  to  the  pressure. 

VIL  For  bends  in  circular'  pipes,  let  d  be  the  diameter  of  the 
pipe,  r  the  radius  of  cm*vatiire  of  its  centre  line  at  the  bend,  t  the 
angle  through  which  it  is  bent,  v  two  right  angles  j  then,  according 
to  Professor  Weisbach — 

F  =  i  {  0131  +  1-847  (^)*  } (18.) 

VIIL  For  bends  in  rectcmgular  pipes : — 

F  =  l{om  +  3-104(A)*} (19.) 

IX.  For  knees,  or  sharp  turns  in  pipes,  let  t  be  the  angle  made 
by  the  two  portions  of  the  pipe  at  the  knee ;  then 

F  =  0-946  sin*  ^  +  2*05  sin*-^ (20.) 

X.  Summon/  of  losses  of  Jiead. — ^Let  i/  be  the  velocity  of  tlie 
current  in  the  tail  race;  F'  the  factor  of  resistance  for  the  tail  race;- 
r  the  velocity  in  any  other  part  of  the  course  of  the  water;  F  the 
proper  factor  of  resistance  for  that  part  of  the  course;  then  the 
whole  loss  of  head  may  be  thus  expressed : — 

*=(i  +  ^r,+2-^ft (21.) 

100.  The  AcilM  of  the  Water  on  the  Bngiae  has  already  been 
distinguished,  in  Articles  96  and  98,  as  taking  place  in  three 
ways : — 
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I.  By  weight. 

II.  By  pressure. 

IIL  By  impulse. 

Now,  in  all  those  three  modes  of  acting,  the  immediate  effort  by 
which  energy  is  exei-ted  by  the  water  on  the  engine  is  a  pressure 
between  a  certain  layer  of  the  water  and  the  surface  of  a  moving 
piece,  whether  a  bucket,  a  piston,  a  vane,  or  another  fluid  mass 
which  that  layer  of  water  drives  before  it;  and  the  original  cause  of 
that  effort  is  the  weight  of  the  descending  stream.  The  distinction 
set  forth  arises  in  the  nature  of  the  process  whereby  the  weight 
causes  the  pressure. 

I.  When  the  water  is  said  to  act  hy  weighty  portions  of  it  are 
poured  into  buckets,  and  the  pressure  by  which  each  bucket  is 
driven  is  the  direct  effect  of,  and  simply  equal  to  the  weight  of  the 
water  contained  in  the  bucket,  and  acts  vertically  downwai^ds,  its 
resultant  tiuversing  the  centre  of  gravity  of  the  mass  of  water  in 
the  bucket. 

Waste  of  enei*gy  may  occur  in  this  case  through  spilling  of  the 
water  from  the  buckets  during  their  descent,  or  through  the  remain- 
ing of  water  in  the  buckets  during  their  ascent.  The  latter  cause 
of  waste  of  energy  ought  not  to  ojierate  to  any  sensible  amount 
in  a  well  designed  machine.  The  former  ought  to  be  reduced  to 
as  small  an  amount  as  possible. 

II.  When  the  water  is  said  to  act  by  pressuTSf  the  pi*essure  which 
drives  the  piston  or  vane  acted  upon  is  not  simply  the  effect  of  the 
weight  of  a  jwi-tion  of  water  descending  along  with  it,  but  is  the 
effect  of  the  weight  of  some  more  or  less  distant  mass  of  water 
transmitted  through  an  intervening  mass,  and  altei^  to  any  ex- 
tent in  direction  and  in  the  velocity  of  its  action. 

III.  When  the  water  is  said  to  act  by  impulse^  its  weight,  either 
directly,  or  through  intervening  pressure,  is  allowed  to  act  fi-eely  to 
such  an  extent  as  to  pix>duoe  a  jet  or  current  of  a  cei'tain  velocity, 
whose  particles,  coming  in  contact  with  a  float  board  or  vane,  or 
another  fluid  mass,  have  that  velocity  either  diminished  or  taken 
liway ;  and  during  that  operation  they  exert  a  pressure  against  the 
float  board  or  vane,  or  the  driven  mass  of  fluid,  proportional  to  the 
momentum  which  is  taken  away  from  them  in  each  second. 
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CHAPTER  IIL 

OF   WATER  BUCKET   ENGINES. 


101.  The  iTatcr  Backet  Hoist,  the  simplest  eogiiie  driven  di- 
rectly by  the  weight  of  water,  is  occasionally  used  for  raising  waggons 
of  ccmJ  and  other  materials  to  an  elevated  platform.    It  consists  of — 

I.  A  strong  timber  frame,  supporting  at  the  top  one  or  more 
large  pulleys. 

II.  A  chain  passing  over  the  pulleys. 

III.  A  cage  for  waggons,  hung  to  one  end  of  the  chain,  and 
moving  between  vertical  guides.  The  upper  and  lower  platforms, 
between  which  the  cage  travels,  should  be  provided  with  strong 
catches  to  fix  the  cage  at  the  higher  and  lower  levels  when  required. 

IV.  A  water  bucket,  hung  to  the  other  end  of  the  chain,  usually 
moving  between  vertical  guides,  and  having  a  valve  in  the  bottom, 
opening  upwards,  for  discharging  the  water.  This  valve  may  be 
made  self-acting,  by  making  its  spindle  project  downwards,  below 
the  bottom  of  the  bucket,  so  that  when  the  bucket  has  finished  its 
descent,  the  spindle  may  strike  upon  a  floor  and  lift  the  valve  -,  but 
in  some  cases  it  la  more  convenient  that  the  valve  should  be  opened 
by  hand.  Kectangular  wooden  buckets  are  used ;  but  for  lightness 
and  strength,  the  best  material  is  sheet  iron,  and  the  best  shape  a 
cylindrical  body  with  a  hemispherical  bottom. 

V  A  reservoir  and  spout  for  filling  the  bucket  when  it  is  at  the 
higher  level  The  valve  of  the  spout  may,  if  required,  be  made 
self-acting,  by  causing  it  to  be  opened  by  the  rising  and  shut  by  the 
falling  of  a  weighted  lever,  which  is  lifted  by  the  edge  of  the 
bucket  when  it  reaches  the  top  of  its  ascent,  held  up  until  the  bucket 
is  full,  and  allowed  to  drop  when  the  bucket  begins  to  descend. 

VI.  A  drain  or  tail  race,  to  carry  away  the  water  discharged 
from  the  bucket  at  the  lower  leveL 

VII.  A  brake,  which  may  be  applied  to  one  of  the  pulleys. 

It  is  advisable,  for  safety's  sake,  in  most  cases,  to  enclose  the 
course  of  the  cage  and  that  of  the  bucket  in  light  wooden  casings. 

The  weight  of  the  imloaded  cage  ought  to  be  somewhat  in  excess 
of  that  of  the  empty  bucket,  added  to  the  friction  of  the  machine 
when  unloaded. 

The  weight  of  the  full  bucket  ought  to  be  somewhat  in  excess  of 
that  of  the  loaded  cage,  added  to  the  friction  of  the  machine  when 
loaded. 
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The  friction  is  from  one-tenth  to  one-twentieth  of  the  gross  load. 

In  order  that  the  weight  of  the  chain  may  always  be  balanced, 
two  pieces  of  chain  with  their  lower  ends  lying  loose  on  the  ground 
are  hung,  the  one  from  the  bottom  of  the  cage,  and  the  other  from 
the  bottom  of  the  bucket. 

The  bucket  hoist  is  a  bulky  and  heeivj  machine,  and  slow  in  its 
operation ;  but  from  its  great  simplicity,  it  is  easy  to  make,  main- 
tain, and  manage,  and  very  durable.  Its  reseiiroir  may  be  sup- 
plied by  a  natural  source,  where  one  is  available  ;  in  other  cases, 
water  may  be  raised  to  it  by  a  pump  worked  by  a  steam  engine. 
The  latter  combination  is  a  good  means  of  economizing  power  when 
heavy  loads  have  to  be  lifted  during  short  times  and  at  distant 
intervals.  During  the  intervals  when  the  hoist  is  standing  idle, 
the  steam  engine  is  still  storing  energy  by  pumping  water  into  the 
reservoir;  so  the  work  performed  by  the  hoist  during  a  few  hours 
of  each  day  may  be  distributed,  so  far  as  the  exertion  of  energy  by 
the  steam  engine  is  concerned,  over  the  whole  twenty-four  hours  ; 
and  a  steam  engine,  quite  inadequate  to  lifl  the  load  to  be  raised 
directly,  may  thus  be  made  to  perform  the  whole  work  easily  by 
the  intervention  of  the  i-eservoir  and  hoist  as  means  of  storing  and 
restoring  energy. 

102.  liOM  of  Head  In  Backet  Halau. — The  actual  eneigy  with 
which  the  water  runs  from  the  reservoir  into  the  bucket,  and  from 
the  bucket  into  the  tail  race,  is  wholly  wasted  in  fluid  friction. 
Therefore  in  every  bucket  engine,  besides  the  fall  of  the  tail  race, 
there  is  a  loss  of  head  equal  to  the  height  of  the  surface  of  the 
water  in  the  reservoir  above  the  highest  level  of  the  surface  of  the 
water  in  the  bucket,  added  to  the  height  of  the  surface  of  the  water 
in  the  bucket  when  at  the  bottom  of  its  stroke  above  the  surface  of 
the  water  in  the  tail  race ;  that  is,  the  depth  of  the  bucket  at  least 
In  other  words,  while  the  total  head  is  the  elevation  of  the  top 
water  of  the  reservoir  above  the  outfall  of  the  tail  race,  the  avail- 
able head  is  the  height  through  which  the  bucket  descends  only. 

103.  A  Doable  Acting  Bncket  Bngine  has  sometimes  been  used^ 
consisting  of  a  balanced  beam,  having  a  pair  of  equal  and  similar 
buckets  hung  to  its  two  ends,  which  rise  and  fall  alternately.  Each 
bucket,  on  arriving  at  the  top  of  its  stroke,  is  filled  with  water  by 
a  spout  from  a  reservoir,  with  a  valve  which  is  opened  and  closed 
by  the  mechanism.  On  aniving  at  the  bottom  of  its  stroke,  each 
bucket  is  emptied  through  a  self-acting  valve  in  its  bottom  into  the 
tail  race.  Thus,  as  in  the  bucket  hoist,  the  buckets  descend  full 
and  ascend  empty;  and  the  energy  due  to  the  descent  of  the  water 
in  them  is  employed  to  work  pumps,  or  otherwise. 

The  chief  advantage  of  this  kind  of  machine  is  its  adaptation  to 
regions  where  only  rude  workmanship  can  be  obtained. 
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CHAPTER  IV. 

or  WATER  PRESSUBE  EKGlNSa 

Section  1. — General  Principles. 


104.  Parts  of  a  Water  Prawarv  Eaclae. — In  a  water  pressure 
engine,  the  several  principal  parts  mentioned  in  Article  95  as  be- 
longing to  water  power  engines  in  general,  take  forms  suited  to 
that  class  of  engine. 

L  The  head  race  consists  of  a  mpply  pipe  leading  from  a  reser- 
voir to  the  working  cylinder.  That  pipe,  together  with  the  reser- 
voir, constitute  what  is  called  the  pressure  column.  Besides  the 
r^rolator,  to  be  presently  mentioned,  there  should  be  a  stop  valve 
or  sluice  at  the  upper  end  of  the  supply  pipe,  in  or  close  to  the 
reservoir,  so  that  in  the  event  of  an  accident  occurring  to  the  supply 
pipe,  the  current  of  water  may  be  prevented  from  entering  it. 
There  should  also  be  a  grating  to  prevent  the  entrance  of  solid 
bodies  from  the  reservoir. 

All  water  contains  air  difiused  through  it,  and  most  water  con- 
tains sediment!  If  there  are  summits  and  hollows  in  the  course  of 
the  supply  pipe  (which  is  offcen  of  great  length),  the  air  collects  at 
the  former  and  the  sediment  at  the  latter.  There  should  be  a  cock 
at  the  upi>er  side  of  each  summit  in  the  course  of  the  pipe,  for 
blowing  off  air,  and  at  the  lower  side  of  each  hollow  for  blowing  off 
sediment 

IL  The  bye  wash  has  no  peculiarities  arising  from  the  class  of 
engine& 

III.  The  reguUUor  is  a  valve  of  one  or  other  of  certain  kinds  to 
be  afterwards  mentioned,  which  are  capable  of  being  adjusted  to 
any  required  extent  of  opening. 

IV.  The  engine  pTO])er  consists  of  a  piston  moving  in  a  cylinder ^ 
together  with  the  valves  for  admitting  and  discharging  the  water 
from  the  cylinder.  The  engine  is  single  acting  or  double  acting 
according  as  the  water  acts  on  one  face  of  the  piston  only  or  on 
each  fiioe  alternately. 

The  valves  are  sometimes  worked  by  hand,  in  which  case  the 
same  valve  may  act  as  the  regulator  and  the  admission  valve, — 
sometimes  by  mechanism  directly  driven  by  the  piston  of  the 
engine, — and  sometimes  by  a  small  auxiliary  water  pressure 
engina 
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The  place  of  the  piston  is  sometimes  supplied  by  a  mass  of  air  ; 
in  which  case  the  alterations  of  volume  of  that  air  require  to  be 
taken  into  account. 

y.  The  tail  race  consists  of  a  discharge  pipe,  whose  final  outlet 
may  be  either  at,  below,  or  above  the  level  of  the  cylinder. 

105.  Saction  Pipe. — The  pressure  of  the  water  at  the  outlet  of 
the  discharge  pipe  is  equal  to  that  of  the  atmosphere,  added  to  that 
due  to  the  depth  at  wluch  the  water  outside  the  pipe  stands  above 
that  outlet;  so  that  when  the  outlet  is  below  the  level  of  the  piston, 
the  pressure  within  the  upper  end  of  the  discharge  pipe,  and  in  the 
cylinder  wliile  the  water  is  being  discharged,  may  be  less  than  the 
atmospheric  pressure.  In  this  case,  the  discharge  pipe  is  called  a 
suction  pipe,  and  the  pressure  at  its  upper  end  is  described  by 
stating  by  how  mtich  it  is  below  the  cUmospheric  pressure^  either  in 
pounds  on  the  square  inch  or  square  foot,  or  in  feet  of  water,  and 
that  deficiency  of  pressure  is  conventionally  called  so  many  pounds 
on  the  inch  or  foot,  or  so  many  feet,  ^^  of  vcumumy  Thus,  if  the 
atmospheric  pressure  is  14-7  lbs.  on  the  square  inch,  being  equi- 
valent to  33*9  feet  of  head  of  water,  and  the  absolute  pressure  in 
the  cylinder  during  the  discharge  is  two  lbs.  on  the  square  iuch, 
being  equivalent  to  4*6  feet  of  head  of  water,  that  pressure  is 
described  as  12-7  lbs.  on  the  square  inch,  or  29*3  feet,  of  vacumn. 
This  mode  of  expression  has  been  adopted  on  account  of  the  prac- 
tical convenience  of  reckoning  pressures  from  that  of  the  atmo- 
sphere as  an  arbitrary  zero. 

The  absolute  pressure  against  the  piston  during  the  discharge  is 
equal  to  the  atmospheric  pressure,  added  to  the  pressure  required 
to  overcome  the  resistance  of  the  discharge  pipe,  less  the  pressure 
due  to  the  elevation  of  the  upper  surface  of  the  water  beneath  the 
piston  above  the  bottom  of  the  fall.  There  never  acts  in  water,  at 
all  events  in  agitated  water,  negative  pressure  (that  is,  tension)  to 
an  amount  apjn-eciable  in  practice;  therefore,  the  height  of  the 
upper  surface  of  the  water  beneath  the  piston  can  never  be  greater 
than  the  head  due  to  the  atmospheric  pressure,  added  to  the  head 
lost  in  overcoming  the  friction  in  the  discharge  pipe.  Shoidd  the 
height  of  the  piston  itself  above  the  bottom  of  the  fall  be  greater 
than  this,  the  water  in  the  cylinder,  on  the  opening  of  the  discharge 
valve,  will  not  continue  in  contact  with  the  piston,  but  will  sud- 
denly drop  down  to  the  level  given  by  the  principle  just  stated, 
leaving  between  itself  and  the  piston  what  is  commonly  called  a 
"  vacuum  "  or  "  empty  sjmce,"  being  in  reality  a  space  filled  with 
rare  vapour.  The  height  of  that  space  is  so  much  head  lost;  its 
existence  tends  to  make  the  piston  leak,  and  its  periodical  empty- 
ing and  filling  is  accompanied  by  shocks  or  abrupt  motions  in  the 
water,  which  tend  to  injure  and  wear  out  the  machine;  therefoi^ 
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its  formatioii  ought  to  be  avoided ;  and  for  that  puipose  the  height 
of  the  piston  above  the  bottom  of  the  fall  ought  never  to  be  gi^eater 
than  that  due  to  the  least  atmospheric  pressure  and  the  resistance 
of  the  discharge  pipe.  Now,  the  water  in  the  discharge  pipe  is  some- 
times at  rest,  and  then  the  resistance  is  nothing;  so  that  we  arrive 
finally  at  this  rule: — The  greatest  heiglU  of  the  piston  above  the 
bottom  of  Hie  fall  ought  not  to  exceed  the  Iiead  oftuater  equivalent  to 
the  least  atmospheric  pressure  in  the  locality/. 

106.  The  JLeast  Atmospheric  Preasnre  at  the  level  of  the  sea  is 
about  28  inches  of  mercury,  or  13-75  lbs.  on  the  square  inch,  or 
31-7  feet  of  water. 

The  ratio  in  which  the  least  atmospheric  pressure  is  less  than 
the  above  amount  at  a  given  elevation  (z)  above  the  level  of  the 
sea,  is  computed  with  sufficient  exactness  for  practical  purposes  by 
the  following  formula,  in  which  p^  is  the  pressure  at  the  level  of 
the  sea,  and  p^  the  pressure  at  the  elevation  of  z  feet : — 

'**«£=  TO' <i-) 

In  the  absenoe  of  tables  of  logarithms,  the  following  formula,, 
deduced  from  one  proposed  by  Mr.  Babinet,  is  approximately 
oorrecty  for  heights  not  exceeding  3,000  feet : — 


Pi  _  52400  -  z 
Po  "  52J06"T^" 


.(2.) 


When  the  height  exceeds  3,000  feet,  divide  it  into  a  series  of  stages^ 
each  not  exceeding  3,000  feet  in  height;  calculate  the  ratio  of  the 
pressures  at  the  top  and  bottom  of  each  stage,  and  multiply 
together  the  several  ratios  so  found  for  the  ratio  of  the  pressures  at 
the  top  and  bottom  of  the  entire  height. 

For  moderate  heights,  the  following  rule  is  sufficient : — deduct 
from  the  pressure  one-himdredth  paH  of  itsdffor  ecush  262  feet  of 
elevaliovL 

107.  KxpanslaM  •€  Water  by  Heat — ^Approximate  Farmala— €oi»- 
partsaa  af  Halts  •€  Preware. — It  is  seldom  necessary  in  calculations 
connected  with  water  pressure  engines  to  take  into  account  the 
expansion  of  water  by  heat;  but  in  the  event  of  its  being  at  any 
time  requisite  to  do  so,  the  following  formula,  although  only  a 
rough  approximation  in  a  scientific  point  of  view,  is  sufficiently 
accurate  for  the  practical  purpose  in  question,  and  is  extremely 
convenient,  from  the  eaae  and  rapidity  with  which  its  results  can 
be  computed,  especially  when  a  table  of  reciprocals  is  at  hand  : — 

Let  D^  =  62-425  lbs.  to  the  cubic  foot,  be  the  maximum  density 
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of  water;  Dj  its  density  at  a  given  temperature  of  T**  on  Fahren- 
heit's scale;  then 

500      "^  T  +  461^ 

At  212**,  this  formula  gives  too  great  a  result  by  about  jjj;  at 
lower  temperatures  its  errors  are  much  smaller. 

Comparison  op  Heads  of  Water  in  Feet  with  Pressures  in 
Various  Units. 

One  foot  of  water  at  39®"!  Fahr.  =  62425    lbs.  on  the  square  foot. 
„  „  *        o'4335  Iba  on  the  square  inch. 

„  „  0*0295  atmosphere. 

,,  „  0*8826  inch  of  mercury  at  32^ 

f  feet  of  air  at  3  2®,  and 
'»  "  773  3         ^1  atmosphere. 

One  lb.  on  the  square  foot, 001 602  foot  of  water. 

One  lb.  on  the  square  inch, 2  -307      feet  of  water. 

One  atmosphere  of  2 9  92 2  inches  ) 

ofmercuiy, /    ^^  9 

One  inch  of  mercury  at  32°, i  'i 33  »         »> 

One  foot  of  air  at  32",  and  one  )    ^.^^,«^^ 

atmosphere, }    0001293      „         „ 

One  foot  of  average  sea  water, i  'o  2  6        foot  of  pure  water, 

107  A.  PrrsMiM  OttBgM  —  Tacnnm  Qaages. —  Instruments  for 
indicating  the  intensity  of  the  pressure  of  a  fluid  contained  in  a 
close  vessel  are  called  "pressure  gauges,"  or  "vacuum  gauges," 
according  as  they  show  how  much  that  pressure  is  above  or  how 
much  it  is  below  that  of  the  atmosphere.  Frequently  the  same 
instrument  answers  both  those  purposes.  Of  this  an  example  has 
ali-eady  been  given,  in  the  Indicator  (Articles  43, 44),  which  can  be 
applied  to  water  pressure  engines  as  well  as  to  the  steam  engine. 
The  following  are  three  examples  of  other  kinds  of  gauges  : — 

I.  The  mercurial  pressure  gauge  is  the  most  exact  for  scientific 
purposes.  It  consists,  like  a  siphon  barometer,  of  an  inverted 
siphon,  or  U-shaped  tube,  the  lower  part  of  which  contains  mer- 
cury, and  whose  vertical  legs  have  a  scale  attached  alongside  of 
them,  divided  either  into  inches  and  decimals,  or  divisions  corre- 
sponding to  pounds  on  the  square  inch,  or  other  convenient  units  of 
pressure.  One  leg,  by  means  of  a  brass  nozzle,  communicates  with 
the  vessel  within  which  the  fluid  is  contained;  the  other  is  open  to 
the  air.     The  mercury  stands  lowest  in  that  leg  in  which  the 
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preasore  on  its  upper  surface  is  most  intense;  and  the  difference  oi 
level  of  the  mercury  in  the  two  legs  indicates  the  difference  between 
the  pressure  in  the  vessel,  and  the  atmospheric  pressure. 

To  determine,  if  required,  the  absolute  pressure  within  the  vessel, 
the  absolute  pressure  of  the  atmosphere  at  the  time  of  observation 
may  be  ascertained  by  means  of  an  ordinary  barometer. 
'  Mercurial  vacuum  gauges  are  sometimes  used,  which  indicate 
direcUy  the  absolute  pressure  within  a  vessel,  by  being  constructed 
exactly  like  a  barometer,  having  the  leg  containing  the  mercurial 
column  that  balances  the  pressure  to  be  measured  closed  hermeti- 
cally at  the  top,  with  a  Torricellian  vacuum  above  the  mei-cuiy, 
I>roduced  in  the  usual  way,  by  inverting  the  tube  and  boiling  the 
mercury  in  it 

It  is  necessary  to  accurate  measurement,  that  the  scales  of  mer- 
curial pressure  gauges  should  be  exactly  vertical. 

The  relations  stated  in  Articles  6  and  107  between  inches  of 
mercury  and  other  imits  of  intensity  of  pressure,  have  reference  to 
a  temperature  of  32°  Fahrenheit.  For  any  other  temperature,  T°, 
on  Fahrenheit's  scale,  let  h'  be  ti^  observed  height  of  a  merciudal 
column,  and  h  the  corresponding  height  reduced  to  32°;  then 


..(1.) 


1  +  U-0001008  (T°  -  32^ 

IL  The  air  mancmeter  consists  of  a  long  vertical  glass  tube, 
closed  at  tl^e  upper  end,  open  at  the  lower  end,  containing 
air,  providel^wi^  a  scale,  and  immersed,  along  with  a  thermo- 
meiker,  in  a  transparent  liquid,  such  as  water  or  oil,  contained  in  a 
strong  cylinder  of  glass,  which  communicates  with  the  vessel  in 
which  the  pressure  is  to  be  ascertained.  The  scale  shows  the 
volume  occupied  by  the  air  in  the  tube. 

Let  1^0  ^  ^^^t  volume,  at  the  temperature  of  32°  Fahrenheit,  and 
mean  pressure  of  the  atmosphere  jOq  j  1®*  ^i  ^  ^^  volume  of  the  air, 
at  the  temperature  T°,  and  imder  the  absolute  pressure  to  be 
measured,  j9jj  then 

^1"         493° -Vi       ^^'^ 

III.  Gauges  such  as  Bourdon's  and  others  having  metallic  tubes 
or  drums.  The  arrangement  of  Bourdon's  gauge  is  shown  in  fig.  26. 
A  is  a  cock,  communicating  with  the  vessel  in  which  the  pressure  is 
to  be  measured.  BB  is  a  curved  metallic  tube,  communicating  with 
A  at  one  end,  and  closed  at  the  other.  The  cross-section  of  this 
tube  is  of  l^e  flattened  form  represented  in  fig.  27,  and  its  greatest 
breadth  is  in  the  direction  perpendicular  to  the  plain  in  which  the 
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Fig  27. 
closed  end  of  the 


tube  is  curved.    When  the  pressure  within  the  tube  is  greater  than 
the  pressure  without,  the  tube  becomes  less  curved;   when  the 

pressure  without  is 
the  greater,  it  be- 
comes more  curved 
The  motions  of  the 
tube  are  communi- 
cated either  through  the  link  C  D,  and 
lever  D  E,  or  by  means  of  wheel- work, 
to  the  index  E  F,  which  points  to  a 
graduated  arc.     The   positions  of  the 
graduations  on  the  arc  are  fixed   by 
comparison    either   with   a  mercurial 
gauge  for  moderate  pi*essures,  and  an 
air  manometer  for  very  high  pressures, 
or  with  another  Boiutlon's  gauge  known 
to  be  correctly  graduated. 

These  gauges  can  be  made  of  any 

required  degree  of  sensibility,  so  that 

some  are  suited  to  measure  pressures 

of  less  than  one  atmosphei*e,  and  others 

to  measure  pressures  of  sevei-al  thousand  lbs.  on  the  square  inch. 

Fig.  27a  shows  the  Bourdon  gauge  fitted  with  a  steel  tube,  the 

latter  material  giving  greater  elasticity  for  high  pressures,  both 

Bteam  and  hvdi-aulic. 


Fig.  26. 


Fig.  27a. 


Fig.  276. 


Fig.  276  shows  an  arrangement  of  gauge  by  M.  Schaffer,  the 
movement  of  the  pointer  being  actuated  by  a  corrugated  steel 
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diaphr^m.      This  gauge   is   used  largely  on  traction   and  aifri- 
cultural  engines.  ^ 

«*T^  ^i"i^5*  ^^"^  ^^  Festering  pressure  gauge  is  shown  by  figs. 
27c  and  27d,  "^     ® 


Fig.  27c. 


Fig.  27d. 


107r    Rece.1  Ap|ilicali«..  •f  Hiffh-PreM.re  Hjdrnalic  P^wcr.— 

From  the  extensive  use  of  hydraulic  power  in  engineering  work  it 
is  very  important  that  gauges  should  be  strong  and  reliable  'as 
the  pressures  are  very  high.    Thus,  in  the  numerous  cases  in  which 
this  method  of  transmitting  power  is  adopted,  we  have  pressures  of 
over  1,Q00  lbs.  per  square  inch  to  deal  with.     Hydraulic  power 
has  been  largely  employed  in  recent  years  for  rivetting,  flanginff 
punching,  and  shearing,  also  for  the  moving  of  heavy  loads  such 
as  swing  bridges,  and  for  the  working  of  hoists  and^ cranes'     By 
the  introduction  of  flexible  pipes  and  portable  rivetting  machines 
hydraulic  rivetting  can  be  carried  out  on  bridges  and  in  shipwork' 
To  accomplish  this  high  pressures  are  used ;  according  to  ^me  a 
pressure  of  700  lbs.  per  square  inch  is  most  suitable;  others  use 
tully  double  thia     The  pressure  is  obtained  through  force-pumps 
acting   upon  the   water,   in    connection   with    what   is  called  an 
"accumulator,"  or  cylinder  containing  a  loaded   piston,   against 
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which  water  is  pumped  in  by  means  of  a  steam-engine.  This 
water  under  pressure  being  connected  with  the  die,  say  of  a 
rivetting  machine,  exerts  its  pressure  in  such  a  way  that  a  fall 
of  the  loaded  plunger  takes  place,  and  the  die  closes  up  the  rivet 
head. 

For  the  more  extended  use  of  hydraulic  power  about  docks  and 
m  large  commercial  centres,  special  pipes  are  laid;  these  are 
generally  made  of  cast  iron,  but  are  of  great  thickness  to  withstand 
the  high  pi-essures,  and  are  connected  by  specially  made  flanged 
joints  bolted  together. 

The  pipes  and  connections  for  the  transmission  of  water  power 
have  to  be  carefully  protected  from  frost.  In  some  cases  glycerine 
IS  introduced  into  the  pipes  during  frosty  weather  as  a  preventive 
to  the  freezing  of  the  water. 

Hydraulic  machinery  has  been  applied  successfully  to  the 
raising  of  water  from  deep  mines.  A  steam-engine  and  an 
accumulator  placed  at  the  surface  force  down  water  to  an 
hydraulic  engine  at  the  foot  of  the  shaft;  the  latter  acts  upon 
pumps  by  which  the  water  is  elevated  to  a  height,  in  some 
cases,  of  over  800  feet.  The  loading  and  working  of  heavy 
guns  on  board  warships  are  also  effected  by  means  of  hydraulic 
power.  Hydraulic  cylinders  are  also  used  for  checking  the  recoil 
of  the  guns. 

108.  FixiHg  DifiBieier  •f  Bmppir  Pipe. — In  designing  a  water 
pressure  engine,  it  is  often  necessary  to  fix  the  diameter  of  the 
supply  pipe  so  that  it  shall  deliver  a  given  number  of  cubic 
feet  of  water  per  second  with  a  loss  of  head  not  exceeding  a 
given  limit. 

Let  h  denote  the  prescribed  greatest  loss  of  head,  in  feet.  This 
must  correspond  to  the  greatest  velocity,  and  therefore  to  the 
greatest  flow,  through  the  supply  pipe. 

Let  Q  be  the  number  of  cubic  feet  of  water  required  by  the 
engine  per  second,  and  Q'  the  greatest  flow  per  second  through  the 
supply  pipe.  Then  if  the  piston  moves  for  a  considerable  period 
with  a  continuous  motion  in  one  direction  fas  in  hydraulic  hoists), 
if  the  engine  is  double  acting,  with  a  uniformly  moving  piston,  or 
if  it  has  a  pair  of  single  acting  cylinders  with  pistons  moving  alter- 
nately  and  uniformly, 

Q'  «  Q  nearly; (1.) 

If  the  engine  drives  a  rotating  crank  shaft, 

Q'  -  1-57  Q  nearly; (i  ^.^ 
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if  the  engine  has  only  one  single  acting  cylinder,  and  Q  is  reckoned 
per  s&xynd  of  the  iokole  time  occupied  by  the  piston  in  descending  as 
wM  as  in  rising^  the  water  stands  still  in  the  supply  pipe  while  the 
piston  is  descending,  and,  therefore,  in  this  case, 

Q'  =  2  Q  nearly (2.) 

It  has  already  been  stated,  in  Article  99,  that  the  loss  of  head 
in  a  straight  pipe  is  given  by  the  formula 

A   •  64-4' ('•> 

I  being  the  length,  h  the  circumference,  A  the  sectional  area,  d  the 
diameter  in  feet,  and 


/=  0-005  (l.jl^) (4.) 


A       d 
In  a  cylindrical  pipe  of  the  diameter  d,  -=-  =  -j]  and,  therefoi-e 

the  equations  3  and  4  may  be  reduced  to  the  following  form : — 

^=d  -Wi' («•)* 

4/=002(l+jl^) (6.) 

Now  A  =  •  7854  d^;  and,  therefore,  the  velocity  in  the  pipe  has 
the  following  value  : — 

^"  A  ~"  -7854  (^^ (^O 

and  the  height  due  to  the  velocity, 

64-4  "  3973^*' ^^'^ 

which,  being  introduced  into  equation  5,  gives 

39-73  d^ ' ^^-^ 

and  consequently 

"— (^^' m 

lu  this  formula,  the  co-efficient  of  friction,^  depends  on  the  diameter, 
df  being  the  quantity  sought     It  is,  therefore,  necessary  to  assume 

•  Or, »  =>w/  "-477-^    Wh«n  TWy  short  lengths  of  piping  mo  used,  the  Talue  of  »  !■ 


more  correctly  »  =-  y^  /  -3 — r^ 


/  b4-4Afl 
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in  the  first  place  an  approximate  value  for  4  /  The  value  com- 
monlj  assumed  is 

0-0258,* 

which  gives^  for  the^r^  a'p^oocvnuUvon  to  the  diameter  of  the  pipe, 

d  =(000065^)*=  0-2304  (^-^)* (11.) 

The  approximate  diameter  thus  found  is  to  be  substituted  in  equa- 
tion 6,  to  find  a  corrected  vahie  of  4  y)  which  being  employed  in 
equation  10-,  gives  a  secorid  approodmcUion  to  the  diameter  of  the 
pipe;  and  this  is  almost  always  sufficiently  accurate. 

To  provide  for  unforeseen  causes  of  increased  resistance,  such  as 
the  deposit  of  a  crust  in  the  pipe,  it  is  customary  to  add  one-sixth, 
or  thereabouts,  to  the  diameter  given  by  the  preceding  formulae  ; 
but  however  large  the  pipe  may  be,  one  inch  is  a  sufficient  addi- 
tion for  this  purpose.  The  diameter,  though  computed  in  feet,  is 
commonly  reduced  to  inches  when  mentioned  in  a  specification  or 
written  on  a  drawing. 

The  pipe  is  supposed,  in  this  Article,  to  have  what  it  ought 
always  to  have,  a  mouthpiece  at  its  upper  end,  of  the  form  of 
the  contracted  vein,  whose  resistance  is  nearly  insensible  (Article 
99). 

The  formula  for  the  friction  of  water  in  pipes,  which  is  that  of 
M.  Darcy,  is  founded  on  the  experiments  recorded  in  his  treatise, 
Du  Mouvement  de  VEau  dans  lea  Tuyaux,    (See  page  559.) 

When  there  are  several  different  causes  of  loss  of  head,  pi*oceed 
as  follows : — 

Assume  a  diameter  d\  fi-om  which,  by  equation  7,  compute  the 
velocity  v'  corresponding  to  the  required  flow  Q'.  From  that  velo- 
city compute  by  the  formulse  of  Article  99  the  total  loss  of  head 
h!  corresponding  to  the  assumed  diameter.  If  this  differs  from  the 
assigned  loss  of  head  /i,  the  requii'ed  effective  diameter  c2  is  to  be 
computed  by  the  formula — 


&: 


.(12.) 


and  the  actual  diameter  is  to  be  made  one-sixth  greater  than  this 
effective  diameter,  if  the  latter  does  not  exceed  six  inches;  but  if  it 
does  exceed  six  inches,  then  the  actual  diameter  is  to  be  one  inch 
greater. 

If  r-  is  a  ratio  differing  little  from  unity,  thea 

•  The  vilue  of  /,  m  determined  from  the  flow  tbrongh  the  4-ft.  pipe  of  the  Loch  Eatrinft 
Waterworks,  wu  01)0508. 
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(/=tf{l+3(|-l)}nearly (12  a.) 

109.  B«Dct  •r  the  Becnuuw. — Let  A  be  the  sectional  area  of  the 
supply  pipe;  a  the  area  of  the  opening  of  the  regulator,  when  par- 
tially dosed ;  e  the  co-efficient  of  contraction  of  that  opening, 
as  to  whose  values  for  different  openings,  see  Article  99.  Then  by 
comparing  equations  12  a  and  13  of  Article  99  together,  it  appears 
that  for  eqiml  velocities  of  flow  in  the  same  supply  pipe,  the 
resistance  is  increased  by  the  partial  closing  of  the  regulator  in  the 
proportion — 

=  (for  a  cylindrical  pipe)  1  +  ^TTT •  ^* 

Let  this  be  expressed,  for  brevity's  sake,  by 

l  +  n  :l. 

This  increased  resistance  may  take  effect  either  in  increasing  the 
loss  of  head,  or  in  diminishing  the  flow,  or  in  both  ways  at  once ; 
but  in  any  case,  if  Q^  represents  the  flow  and  h^  the  loss  of  head, 
with  the  pipe  uninterrupted,  and  Qj  the  flow  and  h^  the  loss  of 
head,  with  the  regulator  partially  closed;  then 

^  =  ^+''==1  =  1 <^> 

The  same  principle  may  also  be  expressed  in  the  following  way : — 
let  t<o,  u^,  be  the  effective  mean  speed  of  the  piston  of  the  engine 
corresponding  to  the  dischai'ges  Qo,  Q^ ;  then 

^••i  +  «'=^  =  | (^•) 

It  is  better  for  economy  of  power  that  the  contraction  of  the  regu- 
lator should  take  effect  by  diminishing  the  speed  of  the  engine  thisin 
by  increasing  the  loss  of  head;  for  the  volume  of  water  whose 
passage  is  prevented  by  a  diminution  of  speed  can  be  stored  in  the 
reservoir  for  future  use ;  but  an  increased  loss  of  head  gives  rise  to 
an  irretrievable  waste  of  energy. 
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110.  Acti«B  •r  Ike  Water  •■  die  pimm^ — In  a  siiigle  acting  en* 
gine,  let 

H^  denote  the  height  of  the  top  of  the  fall  above  the  mean  level 
of  the  £stce  of  the  piston,  the  action  of  the  water  on  which  is  under 
consideration; 

h^y  the  loss  of  head,  by  the  friction  of  the  water  in  the  supply 
pipe,  regulator,  valve  ports,  and  cylinder; 

Q,  the  mean  flow,  in  cubic  feet  per  second; 

D,  the  weight  of  one  cubic  foot  of  water; 

A,  the  area  of  the  piston,  in  square  feet ; 

p^f  the  mean  intensity  of  the  effort  exerted  by  the  water  on  the 
piston  during  the  forward  stroke,  in  lbs.  on  the  square  foot; 

Uf  the  mean  velocity  of  the  piston,  in  feet  per  second ; 

^",  the  co-efficient  of  friction  of  the  piston  and  mechanism,  so 
that  (1  -  k")p^  is  the  intensity  of  the  usefoU  load;  then 

;,,  =  D(H,-/0; (1.) 

A;?i  =  D  (Hj  -  A^  A  =  total  effort  of  the  water  on  the 

piston; (2.) 

«=¥^ « 

energy  is  exerted  by  the  water  on  the  piston  during  the  forward 
stroke,  at  the  mean  rate  of 

u  Ap^  =  2  D  Q  (Hi-Ai)  ft. -lb.  per  second; (4.) 

and  uaejkd  toork  per/armed,  at  the  rate  of 

(l-^'>A;?i  =  2(l-^'^DQ(Hi-Ai) (5.) 

The  value  of  k',  from  experiments  of  the  Messrs.  More  and  the 

Author,  is  about  j^  for  ordinary  packing. 

Further,  let 

Hj  be  the  mean  height  of  the  fetce  of  the  piston  above  the  bot- 
tom of  the  fall  (not  exceeding  31-7  feet>— If  the  bottom  of  the  fall 
is  above  the  mean  level  of  tiie  piston  face,  H]  is  to  be  made  ne- 
gative; 

h^  the  loss  of  head  in  the  discharge  pipe  and  valves ; 

p^  the  mean  intensity  of  the  effort  exerted  on  the  piston  during 
the  oack  stroke  j  then 

p,  =  D(H,-A3); (6.) 

Ap,  =  D  (H,  -  A^  A (7.) 
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If  H2  is  less  than  h^  or  negative,  these  expi-essions  become  nega- 
tive, and  represent  resistcmce  exerted  by  the  water  agairist  the 
piston. 

During  the  return  stroke  energy  is  exerted  on  the  piston  at  the 
mean  rate  of 

uAp^  =  2  D  Q(H2-A2)  ^*--^^-  P®^  second (8.) 

If  this  expression  is  n^ative,  it  represents  work  lost  in  forcing  the 
water  out  of  the  cylinder. 

Finally,  taking  the  mean  of  the  expressions  4  and  8,  we  find  for 
the  whole  energy  exerted  by  the  water  on  the  piston,  per  second — 

=  DQ(H-A); (9.) 

H  r=  H,  +  Hg  being  the  total  fall,  and 
h  =  h^  +  h^  the  tofaJ  loss  of  head; 
while  the  iiseral  work  per  second  is 

(1-A/')DQ(H-A), (10.) 

and  the  combined  efficiency  of  the  fjEill  and  engine — 

(Li^mdti (11.) 

This  varies,  in  different  cases,  from  about  0  67  to  about  0  8. 

Section  2.-0/  Valves, 

111.  TaiTca  ta  OeMerai,  considered  with  i-eference  to  the  means 
by  which  they  are  moved,  may  be  divided  into  three  principal 
classes: — ^Valves,  sometimes  called  cUicka,  which  are  opened  and 
shut  by  the  pressure  of  the  fluid  that  traverses  their  openings,  and 
are  usually  intended  for  the  purpose  of  permitting  the  passage  of 
the  fluid  in  one  direction  only,  and  stopping  its  return ; — ^valves 
moved  by  hand; — and  valves  moved  by  mechanism.  When  a  pis- 
ton drives  a  fluid,  as  in  ordinary  pumps,  the  valves  are  usually 
moved  by  the  fluid:  when  the  fluid  drives  the  piston,  it  is  in 
geneitd  necessary  that  the  valves  should  be  moved  by  hand  or  by 
mechanism.  In  water  pressure  engines  that  work  occasionally  and 
at  irregular  intervals,  such  as  hydraulic  hoists  and  cranes,  the 
valves  are  usually  opened  and  shut  by  hand ;  in  those  which  work 
periodically  and  continuously,  they  are  moved  by  mechanism  con- 
nected with  the  engina 
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Safety  valves  for  permitting  a  fluid  to  escape  from  a  vessel  when 
the  pressure  tends  to  rise  above  the  limit  of  sai'ety,  belong  to  the 
class  that  are  moved  by  the  fluid.  Kegulating  valves  are  adjusted 
either  by  hand,  or  by  means  of  a  governor. 

The  SEAT  of  a  valve  is  the  fixed  surface  on  which  it  rests,  or 
against  which  it  pi-esses. 

The  FACE  of  a  valve  is  that  part  of  its  surface  which  comes  in 
contact  with  the  seat. 

When  a  valve  occurs  in  the  course  of  a  pipe  or  passage,  the  valve 
box  or  chamber,  being  that  part  of  the  passage  in  which  the  valve 
works,  should  always  be  of  such  a  shape  as  to  allow  a  free  passage 
for  the  fluid  when  the  valve  is  open,  so  that  the  fluid  may  pass  the 
valve  with  as  little  contraction  of  the  stream  as  possible;  and  if 
necessary  for  that  purpose,  the  valve  chamber  may  be  made  of 
larger  diameter  than  the  rest  of  the  passage. 

The  usual  materials  for  valves  and  their  seats  are  iron,  hroDze, 
brass,  hardwood,  leather,  india  rubber,  and  gutta  percha. 

When  a  valve  and  its  seat  are  both  of  metal,  they  should  be  of 
the  same  metal;  for  when  they  are  of  diflferent  metals,  a  galvanic 
action  takes  place,  which  causes  one  or  other  of  them  to  be  cor- 
roded. 

In  water  pressure  engines  and  pumps,  the  best  material  for  the 
seats  of  metal  valves  is  some  hard  wood,  such  as  elm  or  lignum 
vitse,  the  fibres  being  set  endways,  and  constantly  wet. 

India  rubber  and  gutta  percha  being  dissolved  or  softened  by 
oils,  whether  fatty  or  bituminous,  are  unsuitable  materials  for  , 
valves  to  which  those  fluids  have  access. 

112.  The  B«BBee  Talre  or  €«Hicai  ▼«!▼«  is  a  flat  or  slightly 
ait;hed  circular  plate  of  metal,  whose  face,  being  formed  by  its  rim, 
is  sometimes  a  frustum  of  a  cone,  and  some- 
times a  zone  of  a  sphere,  the  latter  figure  being 
the  best  Its  seat,  being  the  rim  of  the  circular 
orifice  which  the  valve  closes,  is  of  the  same 
figure  with  the  face  or  rim  of  the  vaVe,  and 
^'  the  valve  face  and  its  seat  are  turned  and 

groimd  to  fit  each  other  exactly,  so  that  when  the  valve  is  closed 
uo  fluid  can  pas&  The  thickness  of  a  valve  of  this  form  is  usually 
from  a  fifth  to  a  tenth  of  its  diameter,  and  the  mean  inclination  of 
its  rim  about  45°. 

To  insure  that  the  valve  shall  rise  and  fall  vertically  and  always 
return  to  its  seat  in  closing,  it  is  sometimes  provided  with  a  spiruUef 
as  shown  in  fig.  28,  being  a  slender  round  rod  perpendicular  to  the 
valve  at  its  centre,  and  moving  through  a  ring  or  cylindrical  socket 
A  knob  on  the  end  of  the  spindle  prevents  the  valve  from  rising  too 
high. 
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113.  SAfefty  TaiTM. — These  maybe  either  loaded  by  dead- weight, 
lever,  or  spring  connections.  Spring  loaded  safety  valves  (figs.  29 
and  30)  are  now  commonly  used  on  land  and  marine  boilers.     The 


A 


^^....^J  rm  Lql 


"^dX 


lo n=i 


c 


a 


c 


SPRING  SAFETY  VALVES. 


Figi.  29  and  30.— Spring  Loaded  Safety  Valvea. 
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direct  load  by  dead-weight  is,  however,  still  mostly  used  on 
stationary  land  boilers.  When  the  load  is  applied  by  means  of  a 
lever,  the  intensity  of  the  effective  pressure  per  square  inch  neces- 
sary to  open  the  valve  is  given  as  follows : — 

Let  w  denote  the  weight  applied  at  the  end  B  of  a  lever,  L 
that  of  the  lever  itself,  G  C  the  distance  of  the  centre  of  gravity  of 
the  lever  from  the  joint  C  round  which  it  turns,  D  C  the  distanoe 
from  the  joint  to  the  point  of  the  lever  on  which  the  valve  acts, 
W  the  weight  of  the  valve,  A  its  area  in  square  inches;  then 

tv  x^^  +  L^ X  "GO       ^ 

DO                 "*■ 
p  . __ 

114.  The  Boll  Clack  (fig.  32)  is  a  valve  of  the  form  of  an  accu- 
rately turned  sphere.     When  of  large  size,  it  is  in  general  hollow^ 

in  order  to  reduce  its  weight.  Its  face  is  its 
entire  surface :  its  seat  is  a  spherical  zone,  as  in 
the  case  of  some  bonnet  valves  already  referred 
to.  As  the  ball  clack  fits  its  seat  alike  in  every 
position,  it  needs  neither  spindle  nor  tail;  but 
either  the  chamber  in  which  it  works  must  be  of 
such  a  shape  and  size  as  to  insure  its  always  fall- 
^  ing  into  its  seat,  or  the  same  object  must  be 

p.    gj  effected  by  means  of  wire  guards  enclosing  it,  as 

shown  in  the  figure.   The  latter  plan  is  the  better, 

as  it  is  the  more  likely  to  insure  that  there  shall  always  be  a  free 

passage  for  the  fluid  round  the  valve  when  open. 

115.  Diridedi  c^aicai  VaiTe. — Bonnet  valves  of  large  size,  when 
working  under  high  pressures,  often  require  an  inconveniently 
great  amount  of  work  to  open  them,  and  shut  with  such  violence 
as  to  cause  injurious  shocks  to  the  machine.  To  obviate  this  evil, 
a  valve  has  sometimes  been  used,  composed  of  a  series  of  concentric 
rings.  The  largest  ring  may  be  considered  as  a  bonnet  valve,  in 
which  there  is  a  circular  orifice,  forming  a  seat  for  a  smaller  bonnet 
valve,  in  which  there  is  a  smaller  circular  orifice,  forming  a  seat  for 
a  still  smaller  bonnet  valve,  and  so  on.  This  arrangement  enables 
a  large  opening  for  the  passage  of  water  to  be  formed  with  a 
moderate  upward  motion  of  each  division  of  the  valve ;  and  conse- 
quently with  a  moderate  expenditure  of  work  to  open  it,  and  a 
moderate  shock  when  it  shuts. 

116.  The  l>«aibi«-Bi!a«  Taire  (an  invention  of  Messrs.  Harvey 
and  West)  is  the  best  contrivance  yet  known  for  enabling  a  large 
passage  for  a  fluid  to  be  opened  and  shut  easily  under  a  lugh  pres- 
sure. Fig.  33  represents  a  section  of  the  valve,  with  its  seats  and 
chamber,  and  fig.  34  a  plan  of  the  valve  alona 
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The  valve  shown  in  the  figure  is  for  tlie  puiposc  of  opening  and 
■butting  the  communication  between  the  pipes  A  and  B. 


Fig.  34. 


Fig.  83. 


The  pipe  B  is  vertical,  and  its  upper  rim  carries  one  of  the  two 
valve  seats,  which  are  of  the  form  of  the  frustum  of  a  cone,  and 
each  marked  a. 

A  frame  C,  composed  of  radiating  partitions,  fixed  to  and  resting 
on  the  upper  end  of  the  pipe  B,  carries  a  fixed  circular  disc,  whose 
rim  forms  the  other  conical  valve  seat. 

The  valve  D  is  of  the  form  of  a  turban,  and  has  two  annular 
eonical  faces,  which,  when  it  is  shut,  rest  at  once  on  and  fit  equally 
close  to  the  two  seats  a,  a.  When  the  valve  is  raised,  the  fluid 
passes  at  once  through  the  cylindrical  opening  between  the  lower 
edge  of  the  valve  and  the  upper  edge  of  the  pipe  B,  and  through 
the  similar  opening  between  the  upper  edge  of  the  valve  and  the 
rim  of  the  circular  disc. 

The  greatest  possible  opening  of  the  valve  is  when  its  lower  edge 
is  midway  between  the  disc  and  the  rim  of  the  pipe  B,  and  is  given 
by  the  following  formula : — 

Let 

(L  be  the  diameter  of  the  pipe  B; 

a^  that  of  the  disc; 

h,  the  dear  height  from  the  pipe  to  the  disc,  Uss  the  thickness  of 
Uie  valve; 

A,  the  greatest  area  of  opening  of  the  valve;  then 
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A  =  31416  ^t— 2  'h; (1.) 

and  in  order  that  this  may  be  at  least  equal  to  the  area  of  tlie  pipe 
B,  viz.,  -7854  dl,  we  should  have 

d* 
k  at  least  = ^ : ^2.^ 

'which,  if  as  is  usual,  dy^  =  d^^  gives 

h  at  least  =  ^^-j (2  a.) 

but  h  is  in  general  considerably  greater  than  the  limit  fixed  bj 
this  rule. 

If  the  upper  and  lower  seats  are  of  equal  diameter,  the  valve  la 
little  affected  by  any  excess  of  pressure  either  in  A  or  in  B  ;  and  a 
force  a  little  exceeding  its  own  weight  is  sufficient  to  open  it.  It 
is  then  called  an  equiubrium  valve. 

If  the  diameter  of  the  upper  seat  is  the  less,  an  excess  of  pres- 
sure in  A  over  B  tends  to  keep  it  shut,  and  an  excess  of  pressure 
in  B  over  A  to  open  it 

If  the  diameter  of  the  upper  seat  is  the  greater,  an  excess  of 
pressure  in  A  over  B  tends  to  open  the  valve,  and  an  excess  of 
pressure  in  B  over  A  to  keep  it  shut.  This  arrangement  is  seldom 
used. 

In  each  case,  the  force  arising  from  difference  of  intensity  of 
pressure,  and  tending  to  open  or  shut  the  valve,  as  the  case  may 
be,  is  nearly  equal  to  that  difference  multiplied  by  the  difference 
between  the  area  of  the  pipe  B  and  that  of  the  circular  disa 

The  equilibrium  valve  is  the  kind  of  double-beat  valve  most 
commonly  used  in  steam  engines.  In  water  pressure  engines, 
pumps,  and  hydraulic  apparatus  generally,  the  lower  valve  seat  is 
generally  made  a  little  larger  than  the  upper. 

117.  A  Flap  Vaire,  illustrated  by  fig.  35,  is  a  lid  which  opens 
and  shuts  by  turning  on  a  hinge.    The  hinge  may  either  be  a  metal 
joint,  or  may  be  provided  by  the  flexibility  of 
the  material  of  the  valve  itself,  when  that  is 

leather  or  india  rubber. 

p.    ^-  The  face  may  be  of  leather,  india  rubber, 

^^'  or  metal;  in  the  ]ast  case  the  face  and  seat 

should  be  carefuUy  scraped  to  true  planes. 

In  hydraulic  machines,  the  most  common  material  for  flap  valves 
is  leather,  which  should,  as  far  as  possible,  be  kept  constantly  wet 
A  large  leather  flap  may  be  stiffened  in  the  middle  by  a  plate  of 
wood  or  metaL 
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A  pair  of  flap  valves  placed  liinge  to  hinge  (usually  made  of  one 
piece  of  leather  fastened  down  in  the  middle)  constitute  a  "butter- 
fly CLACK."  The  chamber  of  a  flap  valve  should  be  of  oonsidembly 
greater  diameter  than  the  valve. 

118.  A  Flap  aad  OraUag  Vaire  consists  of  a  round  disc  of  water- 
proof canvas  or  of  India  rubber,  resting  on  a  flat  horizontal  grating, 
or  on  a  plate  perforated  with  holes,  to  which  it  is  fastened  down  at 
the  centre,  being  left  loose  at  the  edges.  To  prevent  the  valve 
firom  i-ising  too  high,  it  is  usually  provided  with  a  guard,  which  is 
a  thin  me^  cup  fonned  like  a  segment  of  a  sphere,  grated  or  per- 
forated like  the  valve  seat,  to  which  it  is  bolted  at  the  centre, 
serving  also  to  fasten  the  valve  down  at  that  point.  The  cup 
should  have  a  metal  shoulder  at  its  base,  a  little  less  in  depth  than 
the  thickness  of  the  flap,  to  press  directly  against  the  seat,  so  that 
the  tension  of  the  bolt  may  not  be  brought  to  bear  on  the  flap, 
which  would  be  unable  to  sustain  it.  When  the  valve  is  raised  by 
a  current  from  below,  it  applies  itself  to  the  bottom  of  the  cup. 
When  the  current  is  reversed,  the  fluid  from  above,  pi'essing  on  the 
valve  through  the  holes  in  the  cup,  drives  it  down  to  its  seat  again. 

According  to  Mr.  Bourne,  valves  of  this  class,  when  made  of 
India  rubber,  may  be  about  six  inches  in  diameter  and  five-eighths 
of  an  inch  thick.  They  are  adapted  to  large  pumps  by  making 
them  sufficiently  numerous.  They  ai'e  now  much  used  for  the  air 
pumps  of  steam  engines,  in  which  the  pressure  they  have  to  sus- 
tain is  less  than  one  atmosphere.  It  is  probable  that  they  are  not 
capable  of  bearing  very  high  pressures. 

119.  The  DIM  aad  Plr^t  Taire,  or  Throttle  Valre,  consists  of  a 
thin  flat  metal  plate  or  disc,  which,  when  shut,  fits  closely  the 
opening  of  a  pipe  or  passage,  generally  circular  in  section,  but 
sometimes  rectangidar.  The  valve  turns  upon  two  pivots  or 
journals,  placed  at  the  exti'emities  of  a  diameter  traversing  its 
centre  of  gravity,  so  that  the  pressure  of  the  fluid  against  it  is 
balanced  about  its  axis  of  i-otation,  and  the  valve  can  be  turned 
into  any  angular  position  by  a  force  sufficient  to  overcome  its 
friction. 

When  the  valve  is  turned  so  as  to  lie  edgeways  along  the  pas- 
sage, the  current  of  fluid  passes  with  very  little  obstruction :  when 
it  is  turned  transversely,  the  current  is  stopped,  or  nearly  stopped. 
By  placing  the  valve  at  various  angles,  various  openings  can  be 
made.  If  the  valve,  when  shut,  is  perpendicular  to  the  axis  of  the 
pipe,  the  opening  for  any  given  inclination  of  the  valve  to  that 
axis  is  proportional  to  the  coversed-sine  of  the  inclination.  If  the 
valve  is  oblique  when  shut,  the  opening  at  a  given  inclination  is 
proportional  to  the  difference  between  the  dne  o/tluU  inclination 
and  the  sine  of  the  inclination  wlien  shut. 
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The  fa/x  of  this  valve  is  its  rim ;  its  seal  is  that  part  of  the 
internal  suiface  of  the  passage  which  the  rim  touches  when  the 
valve  is  shut;  and  those  surfaces  ought  to  be  made  to  fit  veiy 
accurately,  without  being  so  tight  as  to  cause  any  difficulty  in 
opening  the  valve. 

One  of  the  journals  of  the  valve  usually  passes  through  a  bush 
or  a  stuffing  box  in  the  pipe,  so  as  to  afford  the  means  of  commu- 
nicating motion  to  the  valve  from  the  outside. 

It  is  difficult  to  make  vfilves  of  this  class  perfectly  water-tight  or 
steam-tight  without  too  much  impeding  their  motion.  They  are, 
therefore,  not  so  well  suited  for  stop  valves  as  for  r^ulating 
valves,  and  for  the  latter  purpose  they  are  much  used,  both  in 
water  pressure  engines  and  in  steam  engines. 

Their  form  will  be  illustrated  in  the  figures  of  engines  of  which 
they  form  part. 

120.  Slide  Valrca. — The  Beat  of  a  slide  valve  consists  of  a  plane 
metal  surface,  very  accurately  formed,  part  of  which  is  a  rim  sur- 
rounding the  orifice  or  /?or<,  which  the  valve  is  to  close,  and  from 

■J  to  —  of  the  breadth  of  that  orifice,  while  the  remainder  extends 

to  a  distance  from  the  orifice  equal  to  the  diameter  of  the  valve,  in 
order  that  the  valve,  when  in  such  a  yx)8ition  as  to  leave  the  port 
completely  open,  shall  still  have  every  part  of  its  face  in  contact 
with  the  seat. 

The  valve  is  of  such  dimensions  as  to  cover  the  port  together 
with  that  portion  of  the  seat  which  forms  a  rim  surrounding  the 
port  The  face  of  the  valve  must  be  a  true  plane,  so  as  to  slide 
smoothly  on  the  seat;  and  in  large  slide  valves  consists  of  a  rim 
surrounding  that  central  part  of  the  valve  which  directly  closes  the 
orifice,  and  which  is  more  or  less  concave,  to  enable  it  the  better 
to  resist  the  pressure  which  acts  on  the  back  of  the  valve  when  it 
is  closed. 

Very  large  slide  valves,  such  as  those  in  the  course  of  the  main 
water  pipes  of  large  towns,  are  strengthened  at  the  back  by  flanges 
or  ribs. 

The  valve  and  its  seat  are  contained  within  an  oblong  box  or 
case,  large  enough  to  permit  the  easy  motion  of  the  valve  within 
it,  and  usually  forming  an  enlargement  in  the  course  of  a  pipe. 
The  valve  rod,  by  means  of  which  the  valve  is  opened  and  shut, 
passes  out  through  a  stufEing  box;  or  instead  of  such  a  rod,  a 
valve  of  moderate  size  often  has  a  nut  fixed  to  it,  within  which 
works  a  screw  on  the  end  of  an  axle,  which  passes  out  through  a 
bush,  and  has  shoulders  within  and  without  to  prevent  it  from 
moving  longitudinally,  and  a  square  on  the  outer  end  on  which  the 
key  fits  that  is  used  in  turning  it. 
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The  total  pressure  between  the  face  and  seat  of  a  slide  valve  is 
equal  to  the  total  area  of  the  valve,  multiplied  by  the  excess  of 
intensity  of  the  pressure  behind  it  above  the  pressure  in  &ont 
of  it. 

That  total  pressure  being  multiplied  by  the  co-efficient  of  friction  . 
between  the  face  and  seat,  which  may  be  as  much  as  0*2  (see 
Article  13),  gives  the  resistance  of  the  valve  to  being  opened, 
which  is  flJmost  always  considerable.  For  the  double  purpose  of 
enabling  that  resistance  to  be  overcome  by  a  moderate  effort,  and 
of  preventing  the  shocks  which  would  arise  from  suddenly  closing 
the  valve  when  thei-e  is  a  rapid  current  passing,  it  is  necessary 
that  the  valve  should  move  slowly  as  compared  with  the  driving 
point  of  the  apparatus  by  means  of  which  it  is  moved.  In  mode- 
rate sized  valves,  this  is  usually  provided  for  by  causing  them  to 
be  opened  and  shut  by  turning  a  screw,  as  already  described,  or 
by  moving  the  valve  rod  by  a  rack  and  pinion  of  suitable  dimen- 
sions. 

Large  slide  valves  are  sometimes  moved  by  attaching  the  valve 
rod  to  a  piston  contained  in  a  cylinder,  which  has  a  pair  of  supply 
pipes,  one  for  each  end,  bringing  water  from  the  main  pipe  behind 
the  valve,  and  a  pair  of  dischaige  pipes,  one  for  each  end,  leading 
to  the  main  pipe  in  front  of  the  vsdve.  These  four  pipes  are  pro- 
vided with  suitable  cocks  or  valves  to  be  opened  and  shut 
by  hand;  and  thus  is  formed  a  small  water  pressure  engine,  by 
means  of  which  the  sUde  valve  can  be  moved  either  way  when 
required. 

The  opening  and  shutting  of  a  very  large  slide  valve  is  sometimes 
facihtated  by  making  it  in  two  divisions — a  larger  and  a  smaller. 
The  smaller  division  is  opened  first  and  closed  last :  the  effect  of 
which  is,  that  it  alone  has  to  be  moved  against  the  resistance 
arising  from  the  greatest  difference  of  pressm-e  before  and  behind 
the  valve;  and  ^at  the  larger  division  has  only  to  be  moved 
against  the  resistance  arising  from  the  pressure  corresponding  to 
the  loss  of  head  caused  by  the  contraction  and  subsequent  enlarge- 
ment of  the  stream  in  passing  through  the  smaller  division  of  the 
orifice ;  as  to  which  see  Article  99. 

Rotating  dide  valves  are  sometimes  used,  in  which  the  valve  and 
its  seat  are  a  pair  of  circular  plates,  having  one  or  more  equal  and 
similar  orifices  in  them.  The  passage  is  opened  by  turning  the 
valve  about  its  centre  until  its  openings  are  opposite  to  those  of 
the  seat,  and  shut  by  turning  it  so  that  its  openings  are  opposite 
solid  poi'tions  of  the  seat 

Various  forms  of  slide  valve  peculiar  to  the  steam  engine  will  be 
described  under  the  head  of  that  class  of  prime  movers. 

121.  A  ptai*B  Taire  is  a  piston  moving  to  and  fro  in  a  cylinder, 
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whose  internal  surface  is  the  valve  seat.  The  port  is  formed  by  a 
ring  or  zone  of  openings  in  the  cylinder,  communicating  with  a 
passage  which  surrounds  it;  and  by  moving  the  piston  to  either 
side  of  these  openings,  that  passage  is  put  in  communication  with 
the  opposite  end  of  the  valve  cylinder.  Details  and  particular 
forms  of  the  piston  valve  will  be  illustrated  farther  on. 

122.  c«cka. — This  term  is  sometimes  applied  to  all  valves  which 
are  opened  and  shut  by  hand,  but  its  proper  application  is  to  those 
valves  which  are  of  the  form  of  a  frustum  of  a  cone,  or  conoid, 
turning  in  a  seat  of  the  same  figure. 

In  the  most  common  form  of  cock,  the  seat  is  a  hollow  cone  of 
slight  taper,  having  its  axis  at  right  angles  to  the  pipe  in  whose 
course  it  occurs.  The  valve  is  a  cone  fitting  the  seat  accurately, 
and  having  a  transverse  passage  through  it  of  the  same  figure  and 
size  with  the  bore  of  the  pipe,  so  that  in  one  position  it  forms 
simply  a  continuation  of  the  pipe,  and  oflfera  no  obstruction  to  the 
cun-ent,  while  by  turning  it  into  different  angular  positions,  the 
opening  may  be  closed  either  partially  or  wholly.  A  sci-ew  and 
washer  at  the  smaller  end  of  the  cock  serve  to  tighten  it  in  its  seat. 
"  Schiele*s  curve"  ^Article  14)  is  sometimes  used  for  cocks. 

In  a  form  of  cock  much  used  for  fire  plugs,  a  short  vertical  pipe 
rising  from  a  water  main  terminates  in  a  hollow  conical  frustum, 
tapering  slightly  upwards,  and  having  an  orifice  in  its  side  leading 
into  a  lateral  pipe.  Inside  the  hollow  cone  is  the  valve,  being 
another  cone,  also  hollow,  open  at  the  base,  closed  at  the  top,  and 
having  an  orifice  in  its  side  of  the  same  size  and  figure  with  that 
in  the  outer  cone.  This  inner  cone  is  pressed  upwards  into  the 
outer  cone  by  the  water  within  and  below  it,  which  thus  tends  to 
keep  the  joint  between  the  cones  water-tight;  and  by  turning  the 
inner  cone  into  various  angular  positions,  the  lateral  orifice  can  be 
fully  opened,  or  jmrtially  or  wholly  closed. 

123.  Flexible  Tube  nnd  Dlaphrnym  Talres. — A   clasS  of  valves 

has  lately  been  introduced,  in  which  an  india  rubber  or  gutta  percha 
pipe,  which  when  fully  open  is  cylindrical,  can  be  wholly  or  par- 
tially closed  by  pinching  it  as  if  in  a  vice,  by  means  of  a  screw. 

In  another  class  of  valves,  the  mouth  of  a  cylindrical  pipe,  from 
which  a  current  of  water  is  discharged,  has  opposite  to  it  a  flexible 
circular  diaphragm  of  india  rubbei-,  of  larger  diameter  than  the 
pipe,  fixed  at  the  edges  at  such  a  distance  from  the  pipe  as 
to  leave  a  sufficient  passage  for  the  fluid  between  the  edge  of 
the  pipe  and  the  face  of  the  diaphraguL  Behind  the  diaphragm 
is  a  vound,  slightly  convex  stopper  or  plug,  wliich,  when 
puflherf  forward  by  means  of  a  screw,  presses  the  diaphmgm 
tightly  against  the  mouth  of  the  pipe,  and  so  closes  the 
passage. 
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Sectiok  3. — Plungers^  Pistons,  and  Packing  of  Water  Presstire 

Engines. 

124.  A  Piaaser  is  a  metal  cylinder,  closed  at  the  ends,  and  accu- 
rately turned  on  the  cylindrical  suiface,  which,  in  a  single  acting 
pump  or  water  pi^essure  engine,  acts  at  once  as  piston  and  as  piston 
rod,  by  having  a  reciprocating  motion  in  a  cylinder.  The  internal 
diameter  of  the  cylinder  is  larger  than  that  of  the  plunger  by  an 
amount  siifficient  to  prevent  their  touching.  Hound  the  circular 
ajjerture  through  which  the  plunger  works  is  a  water-tight  "  cupped 
leather  collar,"  to  be  described  in  the  next  Article.  A  section  of 
a  cylinder  showing  a  plunger  working  in  it  is  given  in  fig.  37,  a  few 
pages  farther  on. 

The  area  of  the  transverse  section  of  the  pluager,  and  not  that  of 
the  cylinder  in  which  it  works,  is  to  be  used  in  computing  the  effort 
exerted  by  the  pressure  of  the  water  upon  it. 

Tlie  weight  of  a  plunger  is  often  made  considerable,  and  some- 
times a  load  also  is  placed  upon  it,  in  order  that  energy  may  be 
stored  in  lifting  it,  and  restored  when  it  descends. 

To  exemplify  the  mode  of  adjusting  the  weight  and  load  of  the 
plunger  for  that  purpose,  let  W  denote  the  gross  weight  of  the 
plunger  and  load  of  a  single  acting  water  pressure  engine,  which  is 
to  be  adjusted  in  such  a  manner  that  the  useful  resistance  overcome 
during  the  ascent  and  descent  of  the  plunger  shall  be  equal.  Let 
R(,  denote  that  useful  resistance. 

Let  Pj  be  the  effective  effort  of  the  water  on  the  plunger  during 
the  up  stroke ;  Pg,  if  positive,  the  excess  of  the  effort  of  the  atmo- 
sphere above  the  resistance  fi-om  back  pressure  of  the  water  during, 
the  down  stroke.  If  the  latter  quantity  is  the  greater,  Pg  becomes 
negative,  and  its  sign  must  be  reversed  in  the  following  equations, 
(see  Article  110):— 

Let  Rj  be  the  friction  during  the  up  stroke,  and  Rg  during  the 
down  Bti-oke.  (As  to  the  friction  of  the  coUai*,  see  the  next  Article.) 
Then,  during  the  up  stroke,  when  W  is  a  resistance, 

R,=  P, -R, -W; (1.) 

and  during  the  down  stroke,  when  W  is  an  effort, 

B,=  P2-R2  +  W; (2.) 

then  subtracting  (1)  from  (2),  and  dividing  by  2,  we  find, 

yif  ^  Pj  -  Rj  -  P2  -*   R2 ^3  J 

K 
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125.  The  Cnpp«*d  lifiatbvr  (  oliar  tlirougli  which  a  phinger  woika 
is  shown  in  section  on  a  small  scale  in  fig.  37,  farther  on,  and  on  a 
larger  scale  in  fig.  38.  It  resembles  in  shape  an  inverted  annular 
channel;  and  is  lodged  in  an  annular  recess  surrounding  ♦•!  e 
plunger.  Its  hollow  channel  is  turned  towards  the  inside  of  thf) 
cylinder;  and  the  water,  tending  to  enlarge  that  channel,  presseii 
its  outer  side  against  the  recess,  and  its  inner  side  agaixist  the 
plunger,  and  so  keeps  a  water-tight  joint 

The  friction  betwoen  a  plunger  and  its  leather  c(»llar  is  given 
approximately  by  the  following  formula :  let  d  be  the  diameter  of 
the  j)lunger,  in  inches;  p,  the  pressure,  in  Iba  on  the  square  inch; 
R',  the  friction,  in  lbs.,  then 

K=/pd. 

According  to  Mr.  William  More's  ex|)eriments,/=  alwut  1*2  x 
the  depth  of  bearing  surface  of  the  collar;  and  the  friction  is. 
roughly,  one-tenth  of  the  load  in  ordinary  cases;  according  to  Mr. 
John  Hick's  exjieriments,/ ranges  fi-om  -05  to  -03. 

12().  i^eatber  Pack«d  pimimi. — A  piston  is  distinguished  from  a 
plunger  by  accurately  fitting  the  cylinder  in  which  it  works,  so  as 
to  be  water-tight,  and  by  being  of  no  greater  thickness  than  is 
necessary  to  make  it  water-tight.  It  is  attached  to  a  rod,  stron«» 
enough  to  ti-ansmit  the  etfort  that  acts  on  it  to  the  mechanism 
which  it  drives  (see  Articles  61,  71).  The  water  acts  on  one  face 
of  the  piston,  or  on  both,  according  as  the  engine  is  single  actinrr 
or  double  acting. 

When  the  water  acts  on  that  side  of  the  piston  from  which  the 
rod  extends,  the  cylinder  cover  has  a  stuffing  box  in  its  centre, 
through  which  the  rod  works;  and  the  o{)ening  is  made  water-tight 
by  a  leather  collar,  as  already  descrilKid,  or  by  hem])en  i)acking. 

In  computing  the  effort  exerted  by  the  water  on  that  side  of  tlie 
piston  frem  which  the  ixxl  extends,  the  sectional  area  of  the  rod  is 
to  be  deducted  from  the  ai-ea  of  the  piston;  in  other  words,  the 
effective  area  of  tlie  pist<m  on  that  side  is  less  than  the  ti^tal  area 
in  the  ratio 

where  d'  is  the  diameter  of  the  red,  and  d  that  of  the  piston. 

When  the  piston  is  to  be  packed  by  means  of  leather,  its  disc, 
wliich  fits  the  cylinder  easily  (and  to  which  the  rod  is  firmly 
attached  by  a  screw,  or  a  screw  and  nut,  or  a  key),  is  made  slightly 
concave  on  the  upper  and  under  faces;  then  on  each  of  those  facen 
is  placed  a  leather  ring,  shaped  somewhat  like  a  saucer  with  a  hole 
in  the  centre,  and  having  its  edge  turned  up  all  round  so  as  to  presa 
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flat  against  the  inside  of  the  cylinder  for  a  breadth  of  an  inch,  or 
an  inch  and  a-half,  or  thereabouts.  The  edges  of  those  leather 
rings  are  thus  tui-ned  opposite  ways,  that  of  the  upper  ring  upwaixls, 
and  that  of  the  lower  ring  downwards.  Each  of  the  rings  is  held  in 
its  place  by  a  round  saucer-shaped  guard  or  piston  cover,  bolted  or 
screwed  to  the  body  of  the  piston. 

The  friction  of  such  pistons,  like  that  of  plungers,  is  found  to  be 
about  one-tenth  of  the  effort  of  the  water. 

A  piston,  like  a  plunger,  may  be  loaded  for  the  purpose  of  storing 
energy,  and  according  to  the  same  principles. 

127.  Hempen  Parking. — The  body  of  a  piston  which  is  to  be 
packed  with  hemp  is  from  two  to  four  inches  less  in  diameter  than 
the  cylinder  in  which  it  is  to  work ;  and  its  depth  is  about  one-sixth 
of  the  diameter  of  the  cylinder.  It  bulges  a  little  at  the  middle  of 
its  depth.  Round  its  base  there  projects  a  horizontal  flange,  whose 
rim  fits  the  cylinder  easily.  Above  that  flange  and  round  the  body 
of  the  piston  is  wrapped  the  packing,  consisting  either  of  loose 
hemp,  or  of  a  soft  loosely  spun  hempen  rope,  called  "gasket," 
soaked  with  grease.  Above  the  packing  is  a  ring  of  the  same  size 
and  figure  with  the  flange,  for  pressing  the  packing  down,  and 
causing  it  to  fit  tightly  in  the  cylinder.  This  "junk-ring"  is  held 
down  and  can  be  moved  towards  the  flange  so  as  to  compress  the 
packing  when  required,  by  means  of  screws. 

The  stuflSng  box  of  a  piston  rod  is  packed  with  hemp  in  a  similar 
manner,  the  hemp  being  pressed  down  and  made  to  fit  tightly  round 
the  [)iston  rod  by  means  of  the  stuffing  box  cover  and  its  bolts  or 
screws. 

Section  4. — Of  Hydratdic  Presses  and  Hoists. 

128.  The  Hydrnniic  PreM  is  supplied  with  water  from  an  arti- 
ficial source,  as  stated  in  Article  97,  and  is  therefoi*e  not  a  prime 
mover,  but  a  piece  of  mechanism  for  conveniently  applying  the 
energy  of  the  muscular  power,  or  steam  power,  by  which  its  supply 
pumps  are  worked.  It  is  described  here  first  on  account  of  its 
exemplifying  in  a  simple  form  various  parts  which  enter  into  water 
pressure  engines  generally. 

Fig.  36  is  an  elevation  of  a  hydraulic  press  supplied  by  a  hand 
forcing  pump;  fig.  37  is  a  vertical  section  of  the  cylinder  and 
pump ;  and  fig.  38  represents  the  plunger  collar  :  these  figures  have 
already  been  referred  to  in  Articles  124,  125.  Fig.  39  is  the 
safety  valve,  diflfering  from  that  previously  shown  in  Article  113 
only  in  being  so  small  that  the  spindle  is  of  as  great  diameter  as 
the  valve. 

A  is  the  press  cylinder,  made  thick  enough  to  resist  the  pressure, 
accoi-ding  to  the  principles  of  Article  64.     The  bottom  should  bj 
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*"^mentBl  or  hemispherical,  not  fiat   B  is  the  phmger ;  Q  its  collar 
{M:e  Articles  124,  125);   0  a  plate  carried  on  the  head  of  the 


Fig  86. 


Fig.  87. 


Fig.  88 


Fig.  89. 


plunger;  D  the  upper  plate  of  the  pre&«i;  E  standards  guiding  tlie 
motion  of  the  plate  C,  and  strong  enough  to  resist  a  working  ten- 
sion equal  to  the  force  to  be  exei-ted   by  the  plunger.     F  is  the 
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pump  cylinder,  I  its  plunger,  and  K  a  guide  for  the  plunger  rod. 
G  is  the  pump  handle;  H  and  H'  are  two  alternative  centres,  about 
either  of  which  it  can  be  made  to  work,  so  as  to  give  a  greater  or  a 
less  leverage  as  reqiured.  L  is  the  supply  pipe  of  the  press  cylinder, 
through  which  water  is  forced  into  it  by  the  pump.  It  contains  a 
belf-acting  clack,  N,  opening  towards  the  press  cylinder,  to  prevent 
the  return  of  water  towards  the  pump.  M  is  the  supply  valve  or 
suction  valve  of  the  pump,  being  a  clack  opening  upwards;  O  is 
the  safety  valve,  P  its  weight;  R  the  escape  valve  or  discharge 
valve,  being  a  conical  plug  worked  by  means  of  a  screw,  kept  shut 
while  the  plunger  is  being  raised,  and  opened,  so  as  to  let  the  water 
escape  from  the  press  cylinder,  when  the  plunger  is  to  be  allowed 
to  descend  by  its  weight.  The  dischai^e  pipe,  leading  from  this 
valve  to  a  tank  from  which  the  pump  draws  its  water,  is  the  tail 
race  of  the  machiue. 

The  following  fonnulae  relate  to  the  efficiency  of  the  hydraulic 
press,  and  show  how  to  compute  the  force  and  the  energy  requii'ed 
to  work  it. 

Let  R  be  the  useful  i-esistance  to  be  overcome  by  the  plunger  m 
rising,  and  v  the  velocity  with  which  it  is  to  rise  in  feet  per  second. 
Then  the  useful  work  per  second  is 

Rt? (1.) 

Let  W  be  the  weight  of  the  plunger;  then  R  +  W  is  the  groM- 
load  of  the  plunger.  To  this  has  to  be  added,  for  friction,  a 
quantity  estimated  by  the  formula  of  Ai-ticle  1 25,  so  that  the  effort 
of  the  water  on  the  plunger  is  nearly 


P  =  (R  +  W)(l+-^) (2.) 


A  being  the  area,  and  d  the  diameter  of  the  plunger.  Then 
the  intensity  of  the  effective  pressure  of  the  water  in  the  press 
cylinder  ought  to  be 

P_(R+W)  /,  ^fdx 


P  =  A-        A 


0  ^  z) (^o 


in  pounds  on  the  square  foot  or  square  inch,  according  as  A  is  in 
square  feet  or  square  inches. 

Let  c^  be  the  sectional  area  of  the  supply  pipe  L;  then  — ^ 

a 
is  the  velocity  with  which  the  water  flows  through  that  pipe;  and 

f^  A^ 

-| — -^  the  height  due  to  that  velocity* 
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Let  2  •  F  be  the  sum  of  the  various  factors  of  resUtance  due  to 
the  length  and  diameter  of  that  pipe,  and  the  several  bends,  knees, 
contractions,  enlargements,  and  other  causes  of  resistance  which 
occur  in  its  course,  computed  according  to  the  principles  of  Article 
99.  The  head  due  to  the  velocity  of  the  current  in  the  pipe  is  lost 
owing  to  the  sudden  enlai^ement  of  the  channel  in  entering  the 
cylinder.     Hence  the  loss  of  head  in  the  pipe  is 

*  =  (1  +  2-^)2^^ <^) 

liCt  /)'  =  D  A  be  the  pressure  equivalent  to  this  loss  of  head    Then 

P+P' (5.) 

is  the  pressure  in  the  pump ;  and  if  a  be  the  area  of  the  pump 
plunger, 

aip+p) (6.) 

is  the  effort  to  be  exerted  by  it  on  the  water,  with  a  velocity  ; 

so  that  the  enei-gy  exei-ted  per  second  by  the  pump  plunger  on  the 
water  is 

fA.{p  +  p') (7.) 

To  this  has  to  be  added  an  allowance  for  the  iriction  of  the 
pump,  which,  as  it  includes  not  only  the  Iriction  of  the  plunger 
tollar,  but  that  of  the  mechanism  and  valves,  may  be  estimated  at 
about  one-fifth  of  the  effort  on  the  water;  giving  for  the  whole 
energy  expended  per  second, 

^*A(p+/) (8.) 

Comparing  this  with  the  expression  (1)  for  the  useful  work,  it 
appeal's  that  the  efficiency  of  the  machine  is 

6   ^{P+P') ^   ' 

Lei  n  be  the  ratio  of  the  velocity  of  the  pump  handle  to  Uiat  of 
the  pump  plunger;  then 

n  X  V 

-^ a<^) 
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is  the  effective  velocky  of  tlie  pump  handle,  reckoning  down  strokes 
only,  and 

6aJ_p_+y) 

on  ^      ^ 

is  the  ^tyrt  required  there.  The  effort  which  would  have  been^ 
required,  had  there  been  no  friction  and  no  loss  of  head,  and  no 
loaii  except  the  useful  load,  would  have  been 

a  R 

^' (^2.) 

>3eing  less  than  the  actual  effort  (11)  in  the  same  pro{)ortion  in 
which  the  efficiency  (9)  is  less  than  unity. 

In  oixler  to  pit>duce  a  continuous  current  of  water  into  the  presa 
cylinder,  there  are  sometimes  a  pair  of  pumps  having  their  plungers 
connected  to  the  opposite  ai*ms  of  a  lever  with  two  arms  of  equal 
length,  so  as  to  perform  their  down  strokes  alternately.  At  the 
end  of  each  arm  of  the  l«ver  is  a  cross  bar  for  the  workmen  to  lay 
hold  of. 

When  the  pumps  are  worked  by  a  steam  engine,  it  is  usual  to 
have  a  set  of  three,  with  their  plungers  re8])ectively  connected  with 
three  ci-anks  on  one  shaft,  making  angles  of  120^  with  each  other. 
I^t  $  be  the  length  of  stroke  of  one  of  them,  a  the  ai'ea  of  its 
plunger,  T  the  number  of  revolutions  made  by  the  shaft  in  a  second ; 
then,  as  the  quantity  of  water  required  ]ier  second  is  v  A,  we  must 
have 

3To^  =  t»  A (13.) 

The  hydraulic  press  may  be  worked  by  water  from  a  natui-al 
fMmrce;  in  which  case  the  waste  of  energy  owing  to  the  friction  of 
the  pump  disappeai-s,  and  the  efficiency  becomes  simply 

A  (;>+/)'■ ^'"^-^ 

the  flow  and  total   head   required   to  drive  the    machine   being 
respectively 

Q  =  t?  A (15.) 

H=^^' (10.) 

129.  Water  Prwwc  Holms  and  VnwhMkmom. — The  simplest  water 
pressure  hoist  is  a  hydraulic  press,  having  on  the  top  of  its  press 
plunger  a  cron-head,  from  the  ends  of  which  hang  chains  for  lifting 
a  load.  Such  was  the  apparatus  used  in  raising  the  girders  of  the 
Britannia  Bridge.  .     . 
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For  this  machine,  R,  in  the  equations  of  the  preceding  Article, 
represents  the  load  to  be  lifted,  and  W  the  weight  of  the  plunger, 
cross-head,  and  chains. 

To  a  similar  class  belongs  the  water  pressure  hoist  or  purchase 
invented  by  Mr.  Miller  for  dragging  ships  up  the  inclined  plane  of 
'*  Morton's  slip."  In  this  machine  the  press  cylinder  is  placed  at 
the  upper  end  of  the  inclined  plane,  and  at  an  inclination  equal  to 
that  of  the  plane ;  and  the  tractive  force  is  exerted  upon  the  chain 
which  drags  the  vessel  either  by  a  plunger  with  a  cix)ss-head,  or  by  a 
piston  with  a  piston  rod  passing  through  a  stuffing  box  in  the  bot- 
tom of  the  cylinder ;  the  effective  area  of  piston  A  in  the  latter  case 
being  the  total  area  less  than  the  sectional  area  of  the  piston  rod. 

Let  i  denoto  the  angle  of  inclination  of  the  slip ; 

/,  a  co-efficient  of  friction,  whose  value  is  about  tv', 

Wj,  the  weight  of  the  ship; 

R^,  her  total  resistance  to  being  dragged  up  the  slip ;  then 

Rj  =  Wi  (sin  i  +/C0S  t) (1.) 

and  if  v  be  the  velocity  with  which  she  is  to  be  dragged,  the  ttse/ul 
work  per  second  is 

RjV (2.) 

Let  Wg  be  the  weight  of  the  cradle,  chains,  piston  or  plunger, 
and  every  additional  weight  which  moves  along  with  them ;  then 
the  resistance 

Ri  +  Rj  =  (Wi  +  Wj)  (sin  i  +/COS  i) (3.) 

is  to  be  substituted  for  R  -f  W  in  equations  2,  3,  and  9,  of  Article 
128,  when  the  formula  of  that  Article  will  all  become  applicable 
to  the  machine  now  in  question. 

130.  Water  PrvMnre  Ctt«e  Hoist.  —  A  water  pressui'e  hoist  for 
raising  and  lowering  a  cage  containing  mineral  wagons,  or  other 
heavy  bodies,  consists  essentially  of  the  following  parts  : — 

I.  II.  III.  A  frame,  canying  pulleys,  a  chain  {Missing  over  the 
pulleys,  and  a  cage  hung  to  one  end  of  the  chain,  as  already 
described  for  a  bucket  hoist  in  Article  101. 

IV.  A  vertical  or  nearly  vertical  hoist  cf/linder,  firmly  fixed  to 
one  side  of  the  frame,  and  having  a  leather  packed  piston  (Article 
126)  with  a  piston  rod  passing  upwards  through  a  stuffing  box  in 
the  cylinder  cover.  The  upper  end  of  the  piston  i-od  carries  a  pulley, 
usually  about  thirty  or  thirty-six  inches  in  diameter.  The  chain 
18  carried  under  tiiis  pulley,  and  its  end  made  fast  to  the  top  of 
the  flume ;  the  effect  of  which  is,  that  the  velocity  of  the  piston  is 
one-half  of  that  of  the  cage ;  and  the  length  of  stroke  of  the  piston 
IS  one-half  of  the  lifb. 
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V.  The  supply  pipe  of  the  hoist  cylinder;  having,  near  the  hoist 
cylinder,  its  regulator,  which  is  a  screw  dide  valve,  opened  and 
shut  by  hand. 

VI.  The  disdiarge  pipe  of  the  hoist  cylinder,  having  also  its 
screw  slide  valve.     As  to  rdiefdacksy  see  Article  134  a. 

VII.  The  store  cylinder y  from  which  the  supply  pipe  of  the  hoist 
cylinder  comes,  resembles  a  hydmulic  press,  with  its  collared 
plunger.  It  is  destined  to  contain  a  reserve  of  water  to  supply  the 
hoist  when  it  is  occasionally  worked  so  rapidly  as  to  expend  water 
faster  than  the  source  can  supply  it  The  store  cylinder  is  re- 
plenished with  water  from  the  source  in  the  intervals  when  the 
hoist  is  standing  idle.  The  plunger  of  the  store  cylinder  is  loaded 
with  a  weight  corresponding  to  the  pressure  required.  The  same 
store  cylinder,  if  large  enough,  may  answer  for  several  hoists. 

The  store  cylinder  may  also  be  made  like  a  hydraulic  press 
inverted,  the  plunger  being  fixed,  and  standing  on  a  firm  founda- 
tion, with  the  supply  and  discharge  pipes  traversing  it;  and  the 
cylinder  being  moveable,  with  its  collared  end  downwards,  and  its 
closed  end  upwards,  and  a  sufficient  weight  placed  upon  it. 

VIII.  The  supply  pipe  of  the  store  cylinder. 

IX.  The  source,  which  may  be  an  elevated  resei-voir,  or  a  water 
work  main  giving  a  sufficient  flow  and  pressure,  but  which  is 
much  more  frequently  artificial,  being  a  set  of  forcing  pumps 
worked  by  a  steam  engine,  as  desciibed  in  Article  128. 

The  following  are  the  formulae  applicable  to  machines  of  this  kind: 
Let  R^  be  the  useful  load  to  be  lifted,  s^  the  height  to  which  it 

is  to  be  lifled  in  the  time  t  with  the  velocity  v^=8^-^i\  then  the 

mtfvl  ioork  per  second  is 

K,*-! (1.) 

An  ordinary  value  of  v^  is  one  foot  per  second. 

For  a  first  rough  estimate  of  the  power  required  to  produce  this 
effect,  the  efficiency  of  the  whole  machine  may  be  taken  approxi- 

2 
mately  at  ~ ;  so  that  the  energy  expended  per  second  will  be 

D(iK=^R,v„  nearly. (2.) 

The  object  of  making  this  rough  estimate  is  to  fix  the  size  of  the 
hoist  cylinder.  If  the  source  is  a  resen'oir  or  a  water  work  pipe, 
the  total  bead  H  is  in  general  fixed ;  if  the  source  is  artificial, 
there  are  in  most  cases  reasons  which  fix  a  limit  to  H  ;  it  is  seldom, 
for  example,  desirable  to  exceed  500  or  600  feet.  The  value  of  H 
havinff  been  fixed  approximately,  we  have  for  the  flow  of  water  per 
•econd  while  the  cage  is  being  lifted — 
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O  —  ?JV?1  .  (3  \ 

^-2DH' ^  ^^ 

and  for  the  flow  per  stroke  of  the  hoist,  which  is  the  effective 
volume  of  the  hoist  cylinder — 

^^"-2DH-     2    ^  ^^ 

A  J  being  the  effective  area  of  the  piston;  that  is,  the  excess  of  the 
area  of  the  piston  above  that  of  the  piston  rod ;  and  «i  -s-  2  its 
length  of  stroke,  so  that 

2Qt      3R, 

^^=  V"5h <^-> 

When  H  is  limited  to  500  feet,  the  piston  rod  may  be  made  one- 
tiftieth  of  the  area,  or  about  one-seventh  of  the  diameter,  of  the 
I)iston ;  so  that  we  shall  have  in  that  ( 


/    50  •  A 
Diameter  of  piston  =  V  49  x  -7854  "^  ^'^^  J^i'   i^) 

Let  Wj  be  the  weight  of  the  cage ;  then 

Ri  +  W, (7.) 

is  the  working  tension  on  tJie  cJiain;  and  .six  times  this  should  be 
tlie  ultimate  strength  of  the  chain.  Let  Wg  be  the  weight  of  the 
chain  and  pulleys ;  then 

__Rj+W        W, 
^2-        10        ^  20 ^^-^ 

will  be  very  nearly  the  friction  ofUve  mechanisTTL 

Inasmuch  as  by  the  tackle  used,  the  velocity  of  the  piston  is 
half  that  of  the  cliain,  we  shall  have  for  the  tension  on  the  piston 
rod — 

2(Ri  +  Rs); (9.) 

to  which  adding  one-tenth  for  the  friction  of  the  piston  and  rod, 
we  find  for  the  effhrt  p  A,  and  intensity  of  pressure  p,  exerted  by 
the  loater  on  the  piston — 

;>A  =  ?^(R,  +  iy. 

_22    Ri+^Rt 

^  "■  10  '  '  Ai      • 

The  loss  of  head  by  the  resi^cmoe  of  Hie  supfply  p^pe,  and  the 
corresixmding  pressuiti,  are  found  as  in  equation  4  ot  Article  128, 


.(10.) 
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with  due  attention  to  the  formulse  of  Article  99.     Let  p*  be  the 
presBure  so  fcmiKL     Then 

P+/ (H.) 

is  the  pmsvTV  in  </««  fiAtrt  cff Under  tcficn  its  plunger  is/iUUng. 

Let  Ag  be  the  area  of  the  plunger  of  the  store  cylinder,  to  be 
fixed  in  a  manner  which  will  be  afterwards  explained ;  and  c/g  it? 
diameter.     Then,  adding  the  fiiction  of  the  collar,  we  have — 

(/;  +  /)  (A, +/C/,) {U.) 

for  the  gross  load  of  tite  store  cylinder  plunger,  including  its  own 
weight. 

The  pressure  in  the  store  cylinder  wlien  its  plunger  is  rising  is 

(i+-^^)(/^+;>') (13.) 

and  ncft  only  the  store  cylifuier  bbvt  the  hoist  cylinder  and  supply  pipe 
ought  to  have  their  strength  adapted  to  this  working  pressure,  by 
making  their  bursting  pressure  six-fold,  and  using  the  rules  of 
Article  64. 

Let  p"  be  the  pressure  due  to  the  resistance  of  the  supply  pii)e 
leading  from  the  source  to  the  store  cylinder ;  then 

D  H,  =/,,  =  (l  +^J^^)  {p  +p-)  +p' (14.) 

is  the  pressure  corresponding  to  the  total  head  required  at  the 
source,  natural  or  artificial.  Should  the  head  Hj  calculated  by  this 
formula  prove  greater  than  the  head  H  originally  assumed,  the 
supply  pipes  should  be  made  larger,  so  as  to  diminish  their  resist- 
ance until  Hj  does  not  exceed  H.  As  to  this,  see  Article  108. 
Then  the  energy  expended  by  the  uxOer  for  each  second  that  t^e 

hoist  works  is                         rk       n  n  xr  /i-\ 

PiQ  =  DQHi, (la.) 

and  the  efficiency  of  the  fall  o/toater  ia 

T^ <'«•) 

If  the  source  is  aiiiificial,  the  work  lost  in  overcoming  the  fric- 
tion of  the  pumps  or  other  mechanism  used  in  producing  it  is  to  be 
added  Uyp^Q  in  estimating  the  whole  energy  expended  per  second 
of  working  of  the  hoist  and  the  resultant  efficiency  of  the  entire 
machine. 

A  single  store  cylinder  and  a  single  source  or  set  of  pumps  may 
supply  either  one  hoist  or  several.     To  find  the  rate  of  flow  from 
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ihe  pumps  or  other  source  into  the  store  cylinder,  ascertain  the 
length  of  the  interval  during  which  the  hoists  usually  stand  idle, 
and  add  to  it  the  length  of  the  following  interval  during  which 
thev  are  at  work.  Let  T  be  the  number  of  seconds  in  the  whole 
period  so  found ;  and  of  these  seconds  let  T^  be  the  number  of 
seconds  during  which  any  hoist  is  rising,  and  Q  the  quantity  of 
water  it  requires  per  second  while  rising.  Then  summing  the 
quantities  for  all  the  hoists — 

2QTi (17.) 

is  the  quantity  of  water  requii*ed  in  each  period  of  T  seconds ;  ao 
that  the  uniform  rate  of  flow  from  the  source  into  the  store 
cylinder  should  be 

g,  =  t^-il; (18.) 

giving  for  the  uniform  power  of  the  &11,  in  foot-pounds  per  second, 
DQxHi. 

The  capacity  absolutdy  necessary  for  the  store  cylinder  is 

*2A,  =  2-QTi-Q2-T, (19.) 

(«2  being  its  length  of  stroke) ;  but  it  is  in  general  advisable  to 
make 

«,A,  =  2QT, (19  a.) 

In  the  pi^eceding  description,  the  chain  tackle  is  supposed  to  be 
to  arranged  that  the  velocity  of  the  hoist  cylinder  piston  is  one- 
half  of  that  of  tlie  cage;  but  any  required  velocity-ratio  can  be 
given  by  suitably  arranged  fixed  and  moving  pulleys.  This  com- 
bination in  mechanism  of  chain-and-pulley  tackle,  with  hydraulic 
connection,  was  tii-st  introduced  by  Sir  William  Armstrong,*  who 
has  applied  it  not  only  to  hoists  but  to  cranes  and  various  other 
machines.  (See  Trans,  of  the  Insi,  of  Mechanical  Engineers,  Aug., 
1858.) 

Section  5. — Of  Sdf  Acting  Water  Pressure  Engines, 

131.  Gencrni  DcMripUoa. — Wheu  a  "water  pressure  engine"  is 
spoken  of  without  qualification,  it  is  generally  a  self-acting  water 
pressure  engine  that  is  meant;  that  is,  an  engine  which  differs 
from  a  mere  press,  hoist,  or  crane,  in  having  disinbtUing  valves  for 
regulating  the  supply  and  discharge  of  the  water,  which  are  moved, 
dire<!tly  or  indirectly,  by  the  engine  itself;  so  that  it  is  a  machine 
having  a  periodical  motion,  which  motion  having  once  been  made 
to  oomroenoe,  goes  on  of  itself  until  it  is  stopped,  either  by  shutting 

*  Now  Lord  Armstrong. 


WATER   PRESSUKE  ENGINES.  139 

the  throttle  valve  and  so  stopping  the  supply  of  water,  or  by  diB- 
engaging  or  otherwise  stopping  the  valve  motion. 

The  distributing  valves  are  in  general  of  the  piston  vcUve  kind 
(Article  121),  and  worked  by  a  small  auxiliary  water  pressure 
engine. 

Inasmuch  as  the  friction  of  water  in  passages  varies  as  the  square 
of  the  velocity,  and  the  work  perfoimed  in  overcoming  it  as  the 
cube  of  the  velocity  (other  things  being  equal), — and  inasmuch  as 
the  velocity  for  a  given  flow  of  water  varies  invei'sely  as  the  area  of 
the  passage : — it  is  favourable  to  the  efficiency  of  a  water  pressure 
engine,  which  is  to  perform  useful  work  at  a  given  rate,  that  its 
dimensions  should  be  made  as  large  and  its  movement  as  slow 
as  is  consistent  with  due  economy  of  first  cost  in  each  particular 


It  is  also  favourable  to  efficiency  that  the  stroke  of  the  piston 
should  be  long,  for  the  i-evei-sal  of  its  motion  is  seldom  unaccom- 
panied by  shock;  and  at  each  such  i*eversal  the  position  of  the 
valves  has  to  be  altered ;  both  of  which  cause  loss  of  work. 

The  most  advantageous  use,  therefore,  to  which  a  water  pressure 
engine  can  be  applied  is  the  pumping  of  water,  to  which  slow 
motion  and  a  long  stroke  are  well  adapted,  because  they  are 
favourable  to  efficiency,  not  only  in  the  engine  but  in  the  pump 
which  it  works. 

Nevertheless,  in  situations  where  a  large  supply  of  water  at  a 
high  pressure  can  easily  and  cheaply  be  obtained,  water  pressure 
engines  have  been  used  with  advantage  where  considerable  speed 
is  reqidsite,  as  in  driving  rotating  machinery.  Various  engines 
of  this  kind  have  been  designed  and  execiited  by  Sir  William 
Annstrong.* 

The  whole  of  the  mathematical  principles  which  apply  to  water 
pressure  engines  have  been  exf)laincd  in  the  j)receding  sections  of 
this  chapter. 

Their  resultant  efficiency,  as  ajscertained  by  practical  exj)erienoe, 
is  stated  by  different  authorities  at  values  ranging  from  0-66  to 
0  8.  The  variations  probably  arise  chiefly  from  differences  in  the 
resistance  of  the  passages  traversed  by  the  water,  and  peihajis  also 
to  some  extent  from  errors  in  the  mode  of  calculating  the  quantity 
of  water  used. 

In  estimating  the  probable  efficiency  of  any  proposed  water 
pressure  engine,  the  lowest  value  of  the  efficiency,  viz.,  0*66,  is  of 
course  the  safest  to  assume  as  a  rough  estimate ;  but  a  closer 
approximation  may  be  obtained  by  making  a  calculation  according 
to  the  method  already  exemplified  in  detail  in  Articles  128  and 
130 ;  that  is,  commencing  with  the  resistance  of  the  useful  work 
and  the  velocity  of  the  piston^  and  computing  in  their  order  all  th4 

*  Now  Lord  ArmstrooK. 
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different  prejudicial  resistances  to  be  overcome,  and  the  quantitiea 
of  work  to  be  performed  in  overcoming  them. 

132.  single  AcUng  Watrr  PreMure  BBgtne.  —  The  example 
chosen  to  illustrate  this  kind  of  water  pressure  engine  is  a  mine 
pumping  engine,  designed  by  M-  Junker,  as  described  by  Mr. 
Delaunay.  It  resembles  in  many  respects  the  pumping  engines 
of  Mr.  Darlington. 

Fig.  40  is  a  complete  vertical  section  of  the  engine,  during  the 
inductio7i,  or  admission  of  the  water  to  the  cylinder. 
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Fig.  41  is  a  vertical  section  of  the  valve  ports  and  passages 
during  the  edtuUion,  or  discharge  of  water  from  the  cylinder.  Both 
figures  are  lettered  alike. 

A  is  the  main  piston,  which  lifts  the 
pump  plunger  rod  by  means  of  a  rod  tra- 
versing the  bottom  of  the  main  cylinder 
BB. 

C  is  the  supply  pipe,  and  U  its  throttle 
valve. 

D  is  the  valve  port,  consisting  of  a  pipe 
connecting  the  bottom  of  the  cylinder  with 
an  annular  passage  sun*ounding  the  valve 
cylinder,  as  already  described  in  Article 
121. 

E  is  the  piston  valve. 
G  the  discharge  pipe,  and  V  its  throttle 
valve. 

When  E  is  below  D,  as  in  fig.  40,  D 
communicates  with  C,  and  water  is  ad- 
mitted into  the  cylinder  to  raise  the  main 
]>iston.  When  E  is  above  D,  as  in  fig. 
4 1 ,  D  communicates  with  G,  and  the  water 
is  discharged  from  the  cylinder  during  the 
descent  of  the  main  piston.  The  piston 
valve  E  is  notched  at  the  edges,  in  the 
manner  shown  in  the  figure,  in  order  that 
the  oi)ening  and  closing  of  the  jjort  may 
take  place  by  degrees — the  water  flow- 
ing partially  through  the  notches  for 
a  short  time  before  and  after  the  edge 
of  the  piston  arrives  at  the  edge  of  the 
ports. 

The  valve  cylinder  consists  of  two  parts  of  unequal  diameter, 
the  upper  being  the  larger.  In  the  lower,  or  smaller  part,  the 
piston  valve  E  works.  In  the  upjjer,  or  larger  part,  wholly  above 
the  supply  pipe,  works  the  counter-piston  F  ;  this  being  larger  than 

E,  and  fixed  to  the  same  rod,  the  pressure  of  the  water  between  E 
and  F  tends  to  raise  them  both.  The  upper  side  of  F  is  provided,  if 
necessary,  with  a  rod,  or  a  "  trunk  "  (that  is,  a  hollow  piston  rod), 
jMssing  through  a  stuffing  box  in  the  top  of  the  valve  cylinder. 
Tlie  use  of  this  is  to  diminish  the  effective  area  of  the  upj>er  side  of 

F.  so  that  it  shall  not  be  more  than  is  requisite  to  enable  the 
pressure  of  the  wat^r,  when  admitted  through  the  port  I  into  the 
space  above  F,  to  overcome  the  friction  of  the  piston  valve  and  its 
appendages,  together  with  the  excess  of  the  pressure  on  the  lower 


Fig.  41. 
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Bide  of  F  above  the  effective  pressure  on  E.  The  sectional  area  of 
this  rod  or  trunk,  tlierefoi*e,  should  be  about  as  much  less  than  the 
area  of  E  as  the  area  of  E  is  less  than  the  whole  area  of  F. 

H  is  the  supply  pipe  and  M  the  discharge  pipe  of  the  part  of  the 
valve  cylinder  above  the  counter-piston,  which,  with  ite  cylinder, 
forms  an  auxiliary-  engine  to  work  the  valve  of  the  princijial 
engine.  K  is  the  piston  valve  of  this  auxiliary  engine,  which 
regulates  the  admission  and  discharge  of  the  water  through  the 
port  I,  exactly  as  the  main  piston  valve  E  regulates  the  admission 
and  discharge  of  the  water  through  the  port  D  of  the  main 
cylinder.  L  is  a  plunger  of  the  same  size  witli  K,  and  fixed  to  the 
same  rod,  in  order  that  the  pressure  of  the  water  in  the  space 
between  K  and  L  may  not  tend  to  move  the  piston  valve  K  either 
upwards  or  downwards. 

The  auxiliaiy  valve  rod  to  which  K  and  L  are  fixed  is  connected 
by  means  of  a  train  of  levers  and  linkwork  marked  O  Q  R  S  T, 
with  a  lever  canying  on  its  end  a  " crutchy'  P.  N  is  a  vertical 
**  tappet  rod^^  carried  by  the  main  piston  A,  from  which  project  the 
tappets  X  and  Y  for  moving  the  crutch  P. 

The  engine  works  in  the  following  manner : — 

Suppose,  as  in  fig.  41,  that  the  main  piston  valve  E  is  luised,  the 
watei-  escaping  by  the  route  D  G  fi-om  the  main  cylinder,  and 
the  main  piston  falling.  When  the  main  piston  approaches  the 
bottom  of  its  stroke,  the  upper  tappet  Y  strikes  the  lower  hook  of 
the  crutch  P,  and  depresses  it,  together  with  the  auxiliary  piston 
valve  K. 

This  admits  water  fi-om  the  main  supply  pipe  C,  by  the  route 
H  I,  to  the  annular  space  above  the  counter-piston  F,  so  as  to 
depress  it,  together  with  the  main  piston  valve  E,  into  the  position 
shown  in  ^q.  40.  Then  the  water  fix)m  the  main  supply  pipe 
passes  through  D  into  the  main  cylinder  B  B,  and  lifts  the  main 

{)iston  A.   When  the  main  piston  approaches  the  top  of  its  stroke,  the 
ower  tapj)et  X  strikes  the  uj)per  hook  of  the  crutch  P,  and  raises 
it,  together  with  the  auxiliary  piston  valve  K. 

This  allows  the  water  to  be  discharged  from  the  annular  space 
above  the  counter-piston  F,  by  the  route  I  M  ;  so  that  the  pressure 
of  the  water  between  F  and  the  main  piston  valve  E  upon  the 
excess  of  the  area  of  F  above  that  of  E,  raises  F  and  E  together 
back  to  the  position  shown  in  fig.  41,  cuts  off  the  supply  of  water 
to  the  main  cylinder,  and  o])ens  the  passage  for  the  discharge  of 
water  from  the  main  cylinder  through  D  into  G.  The  main  piston 
then  descends,  thus  completing  a  double  stroke,  and  the  entire 
cycle  of  operations  recommences.  The  process  may  be  summed  up 
by  saying,  that  of  the  two  engines,  the  main  and  the  auxiliary, 
each  works  the  valve  of  the  other. 
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The  frequency  of  the  strokes  of  the  engine  depends  on  the  speed 
with  which  the  valve  mechanism  works ;  and  this  can  be  controlled 
hy  means  of  regulating  cocks  on  H  and  M,  the  supply  and  dis* 
charge  pipes  of  the  auxiliary  engine. 

133.  A  Doable  Acting  Water  Pressure  Bnglne  has  a  main 
cylinder,  whose  ends  are  both  closed^  the  main  piston  rod  passing 
out  through  a  stuffing  box  in  one  of  them,  and  each  end  being  pro- 
vided with  a  port  like  D  in  figs.  40  and  41,  communicating  with 
one  valve  cylinder,  both  of  whose  ends  communicate  with  the  dis- 
charge pipe.  The  supply  pipe  enters  the  valve  cylinder  at  the 
middle  of  its  length.  On  one  rod  are  carried  a  pair  of  equal  and 
similar  pLston  valves,  one  for  each  port,  which  rise  and  fall  to- 
gether: the  distance  between  them  is  so  adjusted,  that  when  they 
are  raised,  and  the  upper  piston  valve  leaves  the  upper  port  in 
communication  with  the  supply  pipe,  the  lower  piston  valve  at  the 
same  time  leaves  the  lower  j)ort  in  communication  with  the  dls- 
chai^  pipe  through  the  lower  end  of  the  valve  cylinder — and  that 
when  they  are  depressed,  and  the  lower  piston  valve  leaves  the 
lower  port  in  communication  with  the  supply  pipe,  the  upper  pis- 
ton valve  at  the  same  time  leaves  the  upper  port  in  communication 
with  the  discbarge  pipe  through  the  upper  end  of  the  valve 
cylinder. 

The  valve  piston  rod  may  be  moved  either  directly  by  tappets, 
or  indirectly  by  a  small  auxiliary  engine. 

134.  B«lmlire  Wnter  PreMure  Bn^new. — In  this  clasS  of  engine, 

the  cylinders  are  either  double  or  single  acting,  and  the  piston 
rods,  by  means  of  connecting  rods  and  cranks,  diive  a  shaft. 
In  order  to  diminish  as  much  as  possible  the  variations  of  the 
effort  upon  the  crank  shaft,  it  is  usual  to  have  two,  three,  or 
four  cylinders  acting  in  succession;  but  a  single  cylinder  would 
answer,  if  the  fly  wheel  were  made  of  sufficient  inertia. 

The  inertia  of  the  fly  wheel  for  a  rotative  water  pressure  engine 
is  to  be  determined  by  the  same  rule  as  for  a  non-expansive  steam 
engine.     (See  Articles  52,  53.) 

The  frequency  of  the  strokes  \a  greater  in  this  than  in  other 
kinds  of  water  pressure  engines ;  and  therefore,  to  avoid  great  re- 
■istanoe,  the  supply  and  dischaige  pipes,  and  the  valve  ports,  must 
be  larger  as  compared  with  the  piston  than  in  other  water  pressure 
engines.  The  best  rule  is  to  make,  if  practicable,  every  passage  of 
such  an  area^  that  th^  velocity  of  the  water  in  it  shall  not  exceed 
ate  wiATimtiTn  velocity  of  the  pistons.  The  best  valves  apj)ear  to  be 
double  piston  valves.  Engines  of  this  kind  are  very  useful  and 
•onvenient  for  driving  small  machines  in  towns  where  there  is  a 
eopious  supply  of  water  at  a  high  pressure;  and  also  in  mines, 
whitre  steam  engines  might  be  inconvenient  or  unsafe.     In  the 

L. 
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latter  situation  tbey  may  be  driven  by  a  portion  of  the  water 
which  is  pumped  up  by  the  draining  engine  of  the  mine. 

Hydraulic  machinery  has  now  1;>een  employed  sncceesfully  for 
the  raising  of  water  from  deep  mines,  for  rivetting,  flanging, 
punching,  shearings  &c.,  and  for  moving  swing  bridges  and 
working  cranes.  It  is  also  fitted  up  in  war  ships  for  the 
working  of  the  guns.  Pressures  of  from  700  to  1,500  lbs,  ]>er 
square  inch  are  used. 

134  A.  Relief  cinclu  form  an  important  |)art  of  the  engines  of 
Sir  William  Armstrong.*  Their  object  is  to  prevent  the  shocks 
wliich  would  otherwise  occur  within  the  cylinder  on  the  closing  of 
the  port,  and  consequent  sudden  stopping  of  the  motion  of  the 
water.  A  set  of  relief  clacks  for  a  single  acting  cylinder  consists 
of  two,  one  opening  upwards,  in  a  passage  leading  from  the 
cylinder  port  into  the  supply  pipe,  and  the  other  opening  upwards, 
in  a  passage  leading  from  the  discharge  pipe  into  the  cylinder  port 
The  effect  is,  that  the  pressure  in  the  cylinder  cannot  rise  above 
that  in  the  supply  pipe,  nor  fall  l)elow  that  in  the  exhaust  pipe. 

For  a  double  acting  cylinder,  four  clacks  are  required,  two  for 
each  port 

Supplement  to  Part  //.,  CJvapter  /T.,  Section  2. 

134  B.  Componod  Clacks  for  large  pumps  are  now  much  used,  in 
which  the  general  fonn  of  the  compound  seat  is  like  a  cone  with 
its  vertex  upwards,  and  an  inclination  of  from  4i>°  to  75*^ ;  but  the 
sides  do  not  slope,  being  formed  into  a  series  of  flat  circular  stejjs. 
Each  of  those  flat  steps  is  pierced  with  a  ring  of  o{)enings,  and 
forms  the  seat  of  a  clack  or  set  of  clacks,  prevented  from  rising  too 
high  by  a  projecting  or  overhanging  i)Oiiiion  of  the  step  next  above. 
When  thei-e  is  a  single  clack  to  each  step,  it  is  a  ring  of  metal  or 
india  rubber;  when  a  set  of  clacks,  they  are  leather  flaps  or  india 
rubber  balls.  (See  a  paper  by  Mr.  John  Hosking,  Trans,  Inst,  of 
Afech,  Engineers y  August,  1858.) 


Section  6. — 0/  Waier  Pressure  Engi)ies  untit  Air  Pistons. 

135.  The  Hnngartao  Machine  is  the  name  given  to  an  engine 
■first  used  for  pumping  mines  at  Schemuitz,  in  Hungary,  in  which 
the  duty  of  a  piston  is  perfoimed  by  a  mass  of  confined  air,  trans- 
mitting pressure  and  motion  from  a  stream  of  water  whose  fall 
constitutes  the  source  of  power,  to  another  mrtss  of  water,  whoso 
elevation  to  a  given  height  is  the  useful  work  to  be  performed. 
Its  principle  is  identical  with  that  of  a  piece  of  appju'atus  known 
A8"He»o*8  FotintaW*  from  having  been  described  in  the  /VUet*- 

•  Now  Lord  Afni«trong. 
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nuOies  of  Hero  of  Alexandria^  a  philosopher  who  flourished  in  the 
second  century  B.  a 

The  flow  of  the  iall  must  ex- 
ceed the  quantity  of  water  to  be 
raised  in  a  given  time,  and  the 
head  must  exceed  the  height  to 
which  that  water  is  to  be  raised, 
in  proportions  whose  approxi- 
mate values  will  afterwards  be 
|X)inted  out. 

The  principal  parts  of  the 
machine  are  indicated  in  fig.  42. 

A,  a  tank  or  well  at  the  bot- 
tom of  a  shaft,  for  collecting  the 
water  to  be  raised. 

B,  an  air-tight  receiver,  of 
sufficient  strength  to  resist  the 
greatest  internal  pressure  that 
acts  in  the  apparatus,  wholly  im- 
mersed in  the  water  of  the  well. 
This  may  be  called  the  pump 
barrd.  The  bottom  of  the  re- 
ceiver must  not  touch  the  bottom 
of  the  weU,  for  there  must  be 
space  enough  between  to  admit 
the  access  of  the  water  of  the 
well  to 

C,  a  clack  opening  inwards,  in 
the  bottom  of  the  receiver  B. 

D,  a  delivery  pipe,  rising  from 
near  the  bottom  of  B  to  the  drain 
at  the  top  of  the  shaft  which 
carries  away  the  water  raised. 
It  is  desirable,  though  not  abso- 
lutely necessary,  to  have  at  the 
bottom  of  D  a  clack  opening  up- 
wards. 

£,  an  air-tight  receiver,  at 
least  as  strong  as  B,  which  cor- 
responds to  the  cylinder  of  a 
common  water  pressure  engine,  i  •  i    . 

and  is  placed  in  any  site  near  the  top  of  the  shaft  which  is 
convenient  for  discharging  the  water  of  the  driving  source  after  it 
has  done  its  work.     This  may  be  called  the  working  harrd. 

F,  the  air  pipe,  connecting  the  top  of  the  pump  bairel  B  with  the 
lop  of  the  working  barrel  K 


-^ 


Fig.  42. 
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G,  the  UHute  air  cock,  at  the  top  of  E. 

H,  the  discharge  valve,  at  the  bottom  of  £,  for  disoharging  ibe 
crater  which  has  performed  its  work  in  the  working  barrel 

I,  a  reservoir,  at  the  top  of  the  fall. 

K,  the  aupply  pipe,  connecting  that  reservoir  with  the  bottom  at 
the  working  barrel  K 

L,  the  admission  valve,  near  the  bottom  of  the  supply  pipe. 

The  valves  H  and  L  may  be  opened  and  shut  by  floats  in  the 
working  barrel,  or  by  a  small  auxiliary  water  pressure  engine,  or 
by  a  small  wheel  driven  by  the  water  dischai^ed.  The  sketch 
•hows  them  as  spindle  valves ;  but  a  single  piston  valve  might  be 
made  to  do  the  duty  of  both. 

The  machine  is  set  to  work  by  opening  the  air  waste  cock  G,  L 
at  the  same  time  being  shut.  The  water  from  the  well  A  opens 
the  clack  C,  enters  and  fills  the  working  barrel  B^  and  drives 
out  the  air  through  G,  so  that  E  and  F  only  remain  filled  with 
air.  Then  G  is  shut,  and  remains  shut  while  the  machine  ii 
working;  H  is  shut  and  L  opened,  and  the  working  proceeds  at 
follows : — 

The  driving  water  from  I  descends  through  K  and  L  into  £^ 
and  compresses  the  air  contained  in  E  and  F.  The  pressure  so 
exerted  on  that  air  is  transmitted  to  the  water  in  B,  and  causes  it 
to  lise  in  the  delivery  pipe  D.  When  the  pressure  has  become 
equal  to  that  of  the  column  of  water  in  D  added  to  its  resistance, 
the  lifted  water  issues  from  D  into  the  drain,  and  continues  to  do 
80  until  £  is  filled  with  water.  Then  by  the  valve  gearing,  L  is 
shut  and  H  opened;  and  the  water  in  E  is  made  to  flow  out^ 
partly  by  its  own  weight,  and  partly  by  the  pressure  of  the  expand- 
ing air.  As  soon  as  the  air  has  fallen  to  its  original  pressure,  more 
water  from  the  well  flows  through  C  into  B,  and  drives  all  the  air 
back  into  F  and  K  Then  H  is  shut  and  L  opened,  and  the  cycle 
of  operations  recommences. 

In  the  following  investigation  of  the  efliciency  of  this  engine,  the 
fluctuations  of  level  of  the  water  in  the  pumping  and  working 
barrels,  B  and  E,  are  neglected  in  comparison  with  the  height  of 
lift,  and  the  head  of  fall 

Let  \  denote  the  head  of  water  which  is  equivalent  to  one 
atmosphere,  or  33-9  feet  on  an  average. 

Let  ^1  be  the  height  of  the  outlet  of  the  delivery  pipe  D  above 
the  sur&ce  of  the  water  in  A ;  D,  the  weight  of  a  cubic  foot  of 
water,  or  62*4  lbs. ;  Qp  the  number  of  cubic  feet  per  second  to  be 
raised;  then 

DQA (1-) 

is  the  useful  work  per  second. 

Let  h^  be  the  head  lost  by  the  resistance  in  the  pipe  D,  com- 
puted by  the  principles  of  Article  99 ;  then 
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K  +  K  +  ^ (2.) 

is  the  bead  of  water  equivalent  to  the  pressure  to  which  the  air 
must  be  compressed  in  1^  F,  and  B,  before  the  water  will  issue  from 
the  outlet  of  D.  That  pressure,  in  atmospheres,  may  be  expressed 
thus — 

n  =  l+^; (3.) 

'•o 

and  the  working  pressure  which  the  barrels  and  air  pipe  must  be 
adapted  to  bear  is  n  -  1  atmospheres. 

The  volume  of  air  which  must  pass  per  second  from  E  into  B, 
while  the  water  is  being  forced  out  of  B,  is  Qj  cubic  feet  at  the 
pressui^  of  n  atmospheres. 

When  air  is  compressed  or  dilated  so  suddenly  that  it  has  not 
time  to  lose  or  gain  heat  by  communication  with  adjoining  bodies, 
its  density  varies  much  more  slowly  than  its  pressure ;  but  when 
there  is  time  for  all  the  heat  produced  by  compression  to  be  con- 
ducted away,  and  for  all  the  heat  which  disappears  during  expan- 
sion to  be  replaced  from  neighbouring  bodies,  the  density  varies 
very  nearly  as  the  pressure  simply.  It  is  probable  that  the  latter 
supposition  is  very  near  the  truth  in  the  present  case,  especially  as 
the  air  is  charged  with  moisture,  which  facilitates  the  communica- 
tion of  heat. 

Therefore,  as  the  original  pressure  of  the  air,  before  being  com- 
pressed by  the  descent  of  the  water  fi-om  I  into  E,  is  one  atmo- 
sphere, the  volume  of  the  mass  of  air  which  descends  per  second, 
at  the  original  pressure,  is 

Q  =  «Qi, (4.) 

and  this  also  is  the  volume  of  water  which  must  descend  from  the 
source  per  second,  in  order  to  perform  the  work. 

Let  B  and  E  be  taken  respectively  to  represent  the  capacities  of 
those  portions  of  the  pump  barrel  and  working  barrel  which  are 
alternately  filled  and  emptied  of  water  at  each  sti-oke,  and  let  F 
denote  the  capacity  of  the  air  pipe;  then  we  must  evidently  have 

Let  ^3  be  the  loss  of  head  by  the  resistance  of  the  supply  pipe, 
valves,  &C.     Then  the  total  head  required  for  the  fall  is 

H  =  A,  +  As  +  h^; (6.) 

•o  that  the  total  energy  expendea  per  second  ia 
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=  *»L±^±*J.DQ,(A,  +  A,  +  A,); (7.) 

and  comparing  this  with  the  nfieful  work  in  formula  1,  it  appears 
that  the  efficiency  of  the  engine  is 

QA ^ K^i /o  V 

QH-n(A,  +  A2  +  /*3)""(Ao  +  ^h  +  ^)-(^*i  +  A2  +  ^3y"^  ^^ 

The  diminution  of  efficiency  represented  by  the  factor  —  in  the 

above   expression,  and   corresponding  to  a   loss  of  head  to  the 
amount  of 


('->■ 


arises  from  the  loss  of  the  energy  exerted  in  compressing  the  air, 
and  in  agitating  the  water  in  E  and  K  during  the  time  of  that 
compression,  when  the  head  is  more  than  sufficient  to  produce  the 
entrance  of  the  water  with  the  proper  velocity. 

The  energy  exerted  in  compressing  the  air  is  restored  during  its 
expansion  ;  but  being  wholly  employed  in  forcing  the  water  out  of 
the  discharge  valve  H,  it  is  lost  in  the  end. 

The  chief  recommendation  of  the  Hungarian  machine  appears  to 
be  its  simplicity. 

136.  An  Air  VeMel  is  a  sufficiently  strong  air-tight  receiver, 
generally  cylindrical,  with  a  hemispherical  top,  the  upper  part  of 
which  contains  some  imprisoned  air,  while  the  lower  part  contains 
water,  and  communicates  with  the  cylinder  or  the  supply  pipe  of 
a  water  pressm'e  engine,  or  any  other  vessel  or  passage  in  which 
changes  of  the  velocity  of  a  mass  of  water  occur.  The  compressi- 
bility and  expansibility  of  the  air,  admitting  of  the  alternate  flow 
of  a  portion  of  water  into  and  out  of  the  air  vessel,  enable  such 
changes  of  velocity  to  be  made  by  degreea  Rotative  water  engines 
were  formerly  made  with  an  air  vessel  in  connection  with  each  end 
of  the  cylinder;  but  relief  valves  (Article  134  a)  are  now  considered 
preferable. 

Supplement  to  Part  IL,  Chapter  /.,  Article  94. 

136a.  Water  nicicrs  ai*e  instruments  for  measuring  and  record- 
ing the  flow  of  water  through  pipes. 

The  meters  now  in  ordinary  use  may  be  divided  into  two  classes : 
piston  meters  and  t4?Jieel  meters. 
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As  an  example  of  a  piston  meter  may  be  taken  Mr.  Kennedy^s, 
which  is  a  small  double  acting  water  pressure  engine,  driven  by 
the  flow  of  w«ter  to  be  measured.  As  it  has  been  found,  in  other 
piston  meters,  that  the  recording  merely  the  number  of  strokes 
made  by  the  piston  leads  to  errors  in  computing  the  flow,  this 
meter  is  so  constructed  that,  by  means  of  a  rGu;k  on  the  piston  rod 
driving  pinions,  the  distance  traversed  by  the  piston  is  recorded  by 
a  train  of  wheelwork,  with  dial  plates  and  indexes. 

An  example  of  a  wheel  meter  is  that  of  Mr.  Siemens,  being  a 
small  reaction  turbine  or  "  Barker's  mill,"  driven  by  the  flow.  The 
revolutions  are  recorded  by  a  train  of  wheelwork,  with  dial  plates 
and  indexes. 

Another  example  of  a  wheel  meter  is  that  of  Mr.  Crorman,  being 
a  small  /an  turbine  or  vortex  wheel  driven  by  the  flow,  and  driving; 
tlie  indexes  of  dial  plates. 

All  those  three  meters  are  found  to  answer  well  in  pi-actice,  and! 
can  be  placed  in  the  course  of  a  pipe  under  any  pressure. 

The  ordinary  errors  of  a  good  wat^r  meter  are  from  ^  to  1  per 
ornt ;  in  extreme  cases  of  variation  of  pressure  and  speed,  errors - 
may  occur  of  2^  per  cent. 

The  value  of  the  revolutions  of  a  wheel  meter  should  be  ascer- 
tained experimentally,  by  finding  the  number  of  revolutions  made 
during  t^e  tilling  of  a  tank  of  known  capacity. 

The  improvements  eflected  in  WLenutdj  nieicn  of  recent  years 
are: — 

(1)  Pistons  all  made  of  vulcanite,  which  has  a  specific  gravity 
very  little  in  excess  of  water. 

(2)  Water  ways  are  protected  internally  from  corrosion  by  being 
treated  with  Professor  fiarfTs  oxidising  process. 

(3)  The  larger  sizes  of  meters  are  provided  Mrith  Muirhead's 
patent  arrangement  for  reversing  4-way  cock  or  valve,  it  being 
now  almost  impossible  that  the  meter  can  stop,  even  when  an 
excessive  delivery  is  required,  such  as  in  case  of  tire. 

(4)  Meters  for  measuring  hot  feed  water  to  boilers  are  made 
with  piatnns  having  scraped  gunmetal  rings,  tested  under  working. 
conditions  with  hot  wat^**  *Voni  a  boiler  under  high  steam  pressure*. 
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CHAPTER  V. 

OF  VEBTIGAL  WATER  WHBEL8. 

Section  1. — General  Principles. 

137.  Pond  nnd  Weir. — The  head  race  or  supply  channel  of  • 
vertical  water  wheel  commences  either  at  a  large  store  reservoir, 
being  a  natural  or  artificial  lake  in  which  the  rainfall  of  a  difltrici 
is  collected,  or  at  a  smaller  reservoir  or  {X)nd,  being  an  enlargement 
in  the  coui-se  of  a  river,  formed  by  building  a  weir  or  dam  across 
it.  The  object  of  that  weir  is  not  merely  to  store  a  surplus  flow  of 
water  at  one  time,  and  emj)loy  it  to  supply  deficiency  of  flow  at 
another,  but  to  prolong  a  high  top  water  level  from  its  natui-al 
situation  at  a  place  some  distance  up  the  stream,  to  a  place  as  near 
as  possible  to  the  bottom  of  the  fall,  where  the  tail  race  joins  the 
natural  channel,  and  thus  to  diminish  oa  far  as  possible  the  loss  of 
head  arising  from  friction  in  the  head  race  and  tail  i-ace. 

The  weir,  throughout  either  the  whole  or  a  part  of  its  length,  acts 
as  a  waste  toeir  or  over/ally  discharging  over  its  crest  tho  sui'pluB 
flow  of  floods,  beyond  what  the  wheel  can  use. 

I.  Level  of  Pond — Weir  not  Drowned. — In  order  to  find  how 
high  the  water  in  the  \yond  will  stand  above  the  crest  of  the  weir, 
a  formula  is  to  be  used  foimded  on  equation  2  of  Article  94,  with 
this  diflference,  that  whereas  for  a  sharp  edged  notch  the  co-efficient 
of  discharge  c  is  from  0-595  to  O'OGT,  it  is  considerably  smaller  for 
the  flat  or  slightly  rouuded  crest  of  a  weir.  Its  values  under 
various  circumstances  have  been  detennined  by  the  ex|)eriment8  of 
Mr.  Blackwell.  For  the  purpose  at  ])reBent  in  view,  it  is  sufficiently- 
accurate  to  take  the  following  avei'age  value  : — 

For  waste  weirs^  c  =  0-5  nearly (1.) 

This  gives  for  the  flow  over  the  weir,  in  cubic  feet  per  second, 

Q  =  5'35c6A4  =  2-676^i; (2.) 

flo  that  the  greatest  height  A,  in  feet,  at  which  the  water  in  the 
pond  near  the  weir  stands  above  the  crest  of  the  weir  is  given  by 
the  following  formula  : — 


*  =  \/^i  '»«»'"'y' (3-) 
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Q  being  the  greatest  flow  in  cubic  feet  per  second,  and  5  the  breadth 
in  feet  of  the  outlet  over  the  weir  crest. 

11.  W^r  Drowned, — A  weir  is  said  to  be  "  drowned  "  when  the 
water  in  the  channel  below  it  is  higher  than  its  crest.  Let  A,  A', 
be  the  heights  of  the  water  above  the  weir  crest,  in  the  pond  and 
in  the  waste  channel  respectively;  then  the  flow  per  second  is 

Q  =  |c6y^  [2g{h-hr)].  (a  +  D (4.) 

when  Q  and  /*'  are  given,  the  exact  determination  of  h  requires  the 
solution  of  a  cubic  equation,  but  the  following  approximate  solution 
ia  in  general  sufficient : — 

First  appraximaiion,      Aj=:/t'  +  A  /  ^ (5.) 

This  always  gives  too  great  a  result. 

Second  approximcUion.  An  amended  value  k^  of  A,  is  given  by 
tho  formula 


/i,=^-A'(i-f  *:-^,) (6.) 


4-A, 

Closer  approximations  may  be  obtained  by  repeating  the  process. 

138.  Backwater  is  the  effect  produced  by  the  elevation  of  the 
water  level  in  the  pond  close  behind  the  weir,  upon  the  surface  of 
the  stream  at  places  still  farther  up  its  channel. 

For  a  channel  of  uniform  breadth  and  declivity,  the  following  is 
an  approximate  method  of  determining  the  figure  which  a  given 
elevation  of  the  water  close  behind  a  weir  will  cause  the  surface  of 
the  sti*eam  farther  up  to  assume. 

Let  i  denote  the  rate  of  inclination  of  the  bottom  of  the  stream, 
which  is  also  the  rate  of  inclination  of  its  surface  before  being 
altered  by  the  weir. 

Let  ^0  be  the  natural  depth  of  the  stream,  before  the  erection  of 
the  weir. 

Let  \  be  the  depth  as  altered,  close  behind  the  weir. 

Let  \  be  any  other  depth  in  the  altered  part  of  tlie  stream. 

It  is  required  to  find  x,  the  distance  from  the  weir  in  a  direction 
up  the  stream  at  which  the  altered  depth  K  will  be  found. 

Denote  the  ratio  in  which  the  depth  is  altered  at  any  point  by 

To  =  '' 
Alii  let  ^  denote  the  following  function  of  that  ratio  :— 
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*=/p;^i  =  Jhyp-iog.{i  +  (^} 


,      1  ^       2r+l 

H — ;=sarc.  tan. 


n/3 


./3 


.....a.) 


A  con veD lent  approximate  formula  for  computing  ^  is  as  follows  : — 

(2) 


»  nearly  =  ,--+---,  +  ^. 


2rj      5r5  ■  8r8 

Compute  the  values,  9j  and  9^,  of  this  function,  corresponding  to 
the  ratios 

r-  ^'andr-*» 
r,_  j^andrj--^. 

Then 

* = ^ + G  -  2^*)  •  (*i  -  ♦*)  *• ^^•) 

The  following  table  gives  some  values  of  ^  : — 


00 
•68o 
■480 
•376 
•304 
■255 
•218 
•189 


r 

1-8 
19 

2*0 
2*2 
2*4 

2-6 

2-8 
30 


•166 

•M7 
■132 
•107 
•089 

•076 

•065 
•056 


The  fii-st  tenu  in  the  right  hand  side  of  the  formula  3  is  obviously 
the  distance  back  from  the  weir  at  which  the  depth  l^  would  be 
found  if  the  surface  of  the  water  were  level.  The  second  term  is 
the  additional  distance  aiising  fi*om  the  declivity  of  that  surface 
towards  the  weir.  The  constant  264  is  an  approximation  to  2  -4-yj 
/being  the  co-efficient  of  friction.  For  a  natural  declivity  of  1  in 
264,  the  second  term  vanishes.  For  a  steeper  declivity,  it  becomes 
negative,  indicating  that  the  surface  of  the  water  rises  towards  the 
weir;  but  although  that  rise  really  takes  place  in  such  cases,  the 
agreement  of  its  true  amount  with  that  given  by  the  formula  is 
somewhat  uncertain,  inasmuch  as  the  formula  involves  assumptions 
which  are  less  exact  for  steep  than  for  moderate  natural  declivitie& 
It  is  best,  thei<efore,  in  cases  of  natural  declivities  steeper  than  1 
in  264,  to  compute  the  extent  of  backwater  simply  from  the  first 
term  of  the  formula* 
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139.  iTaate  siaicca  in  a  wall  forming  part  of  the  weir  are  used  to 
enable  the  surplus  water  of  floods  to  be  discharged  with  a  lower 
elevation  of  the  sur&ce  of  the  pond,  and  a  less  extent  of  backwater, 
than  would  be  practicable  if  all  the  surplus  flow  had  to  pass  over 
the  weir-crest 

A  tie'/-acting  waste  sluice  invented 
by  a  French  engineer,  M.  Chaubart, 
is  shown  in  fkg,  43,  which  is  a  ver- 
tical section.  It  has  been  found  to 
answer  well  where  it  Ls  required  to 
maintain  the  surface  of  the  water  in  a 
pond  or  canal  very  accurately  at  a 
certain  leveL 

A  B  is  the  sluice  or  valve  plate,  re- 
presented as  shut,  its  upper  edge  A 
being  at  the  proper  water  level 

The  sluice  is  supported  by  a  pair  of 
cast  iron  sectoi-s,  resting  on  horizontal  ^*  ^^• 

platforms.  E  is  one  of  those  sectors ;  F  G  its  platfoim.  The  edge 
of  each  sector  has  a  groove,  in  which  lies  a  chain,  fixed  at  F  to  the 
platform,  and  at  H  to  the  sector.  This  pair  of  chains  resists  the 
tendency  of  the  water  to  press  the  sluice  forward. 

When  the  water  is  at  the  level  of  A,  the  resultant  of  its  pressure 
acts  at  a  depth  A  C  which  is  ttvo-Mrds  of  the  whole  depth  A  B 
of  the  sluice.  Through  C  draw  C  D  perpendicular  to  A  B,  cutting 
the  centre  line  of  live  cJvain  F  H  in  D.  Then  the  sectors  and  plat- 
forms must  be  so  formed  and  placed,  that  when  the  sluice  is  shut, 
the  point  of  contact  of  each  sector  with  its  platform  shall  be 
vertically  below  D  ;  and  then  the  combined  resistance  of  the  chains 
and  platforms  will  be  directly  opposed  to  the  pressure  of  the  water, 
and  will  balance  it. 

When  the  water  rises  above  A,  and  begins  to  ovei-flow,  the 
centre  of  pressure  rises  above  C,  so  that  the  pressure  and  the 
resistance  are  no  longer  directly  opposed.  The  sluice  then  i-olls 
upon  its  sectors  into  a  new  position  of  equilibrium,  and  in  so  doing, 
it  not  only  depresses  the  edge  A,  so  as  to  make  the  overflow  more 
rapid,  but  raises  the  edge  B,  so  as  to  make  an  outlet  at  the  bottom 
of  the  passage  B  K,  through  which  the  surplus  water  escapes  much 
more  rapidly  than  it  could  do  by  merely  overflowing. 

140.  0««d  R«re  nmd  siaiccm. — To  protect  the  conduit,  which  is 
the  head  race,  from  the  surplus  water  of  floods,  it  is  advisable  that 
between  it  and  the  natural  stream  there  should  be  a  wall  or  an 
embankment  rising  a  sufficient  height  (say  from  two  to  three  feet) 
above  the  highest  level  of  floods ;  and  ako  that  a  similar  wall  or 
embankment  should  extend  across  the  upper  end  of  the  conduit^ 
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where  it  leaves  the  pond  In  the  latter  situation  a  wall  is  the  more 
Buitabla  It  is  traversed  by  a  passage  for  admitting  water  from  the 
pond  to  the  conduit,  capable  of  being  closed  or  opened  to  a  greater 
or  less  extent,  by  means  of  one  or  more  duices,  which  are  slide 
valves  moving  vertically  in  guides,  made  of  timber  or  iron,  and 
moved  by  means  of  a  screw,  or  of  a  rack  and  pinion.  It  is  iidviR- 
able  not  to  make  sluices  broader  than  about  four  or  five  feet.  If  a 
greater  width  of  opening  is  required,  the  passage  from  the  pond  into 
the  conduit  should  be  divided  by  walls  or  piers  into  a  sufficient 
number  of  parallel  passages,  each  furnished  with  a  sluice. 

The  loss  of  head  at  a  sluice  is  to  be  found  by  the  principles  of 
Aiticle  99,  Division  V. 

The  channel  of  the  head  race  is  to  be  made  as  large  as  is  con- 
sistent with  proper  economy  in  fii-st  cost  Supposing  its  flow  Q  in 
cubic  feet  per  second,  and  its  figure  and  dimensions,  to  be  fixed 
beforehand,  the  declivity  which  it  requires  is  to  be  computed  by  the 
principles  of  Article  99,  Division  VL,  equations  13,  15,  16,  17. 

Supposing  the  flow  Q,  and  the  rate  of  declivity  i  =  A  -:-  /  (A  being 
the  fall),  to  be  given,  the  figure  and  transverse  dimensions  of  the 
channel  are  to  be  fixed  in  the  following  manner  : — 

The  form  of  least  resistance  for  the  cross-section  of  an  open 
channel  of  a  given  area  A,  is  obviously  a  semicircle ;  its  border  b 
being  the  shortest  which  can  enclose  the  given  area.  Its  hydravlio 
mean  depHi  is  (me-half  of  its  radius;  that  is,  r  being  its  radius,  and 
also  the  maximum  depth  of  water  in  it,  and  m  the  hydraulic  mean 
depth, 

^=6=2 ^^'^ 

Mr.  Neville  has  shown,  that  if  it  is  necessaiy  that  the  cross- 
section  of  a  channel  should  be  bounded  by  straight  lines,  the  form 
of  least  resistance,  for  given  directions  of  those  lines,  is  one  in 
which  all  the  straight  lines  are  tangents  to  one  semicircle,  having 
for  its  radius  the  greatest  depth  of  water  in  the  channel ;  and  in 
such  forms,  the  hydraulic  mean  depth  is  still  one-half  of  the  radius 

of  the  semicircle,  as  in  equa- 
tion 1.  For  example,  let  it 
be  required  to  draw  the  best 
figure  for  a  channel  with  a 
flat  bottom,  and  sides  of  a 
given  slope.  In  fig.  44,  let 
1*  CAD  represent  the  surface 

^«'  ^^'  of  the  water,  and  AB  =  r 

its  greatest  depth.  With  the  radius  A  B  describe  a  semicircle ; 
draw  a  horizontal  tangent  to  it,  E  B  F,  for  the  bottom  of  the 
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channel,  and  a  pair  of  tangents  £  C^  F  D,  at  the  given  inclination, 
for  the  sides.  The  border  is  6  =  C  E  F  D,  and  the  area  A  ^zbr-i-r. 
In  such  channels,  the  length  of  each  of  the  slopes,  ^E,  F  D,  ia 
equal  to  the  half-breadth  C  A. 

If  the  channel  is  to  be  built  of  brick,  stone,  or  concrete,  with 
cement  or  hydraulic  mortar,  either  the  semicircular  form  may  be 
employed,  or  a  rectangular  form  with  a  flat  bottom  and  vertical 
sides,  the  breadth  being  double  of  the  depth ;  or  a  semi-hexagony 
consisting  of  a  flat  bottom  whose  breadth  is  equal  to  half  the 
breadth  at  the  surface  of  the  water,  and  a  pair  of  slopes  inclined 
at  GC  to  the  horizon.  The  second  and  third  are  figures  which  fall 
under  Mr.  Neville's  rule;  and  the  third  has  the  least  resistance  of 
all  figures  whose  boixiers  consist  of  a  bottom  and  two  slopes. 

If  the  channel  is  to  be  made  of  clay  with  rubble  stone  pitching, 
Mr.  Neville's  form  is  to  be  used,  with  slopes  of  at  least  1^  to  one. 

The  figure  having  been  selected,  it  is  obvious  that  the  sectional 
areas  of  all  similar  figures  will  be  proportional  to  the  sqmircs  of  tlieir 
hydraulic  mean  depths;  so  that  we  may  put 

A  =  nm^; (2.) 

n  being  a  factor  depending  on  the  figure. 
For  a  semicircle, 

n  =  2  »  =  6-2832; (3.) 

For  a  half-square, 

n=8; (4.) 

For  a  half-hexagon, 

»  =  4  ^"3  =  6-928; (5.) 

For  Mr.  Neville's  figure,  with  a  flat  bottom,  and  slopes  inclined 
at  any  angle  0  to  the  horizon, 

n  =  4  fcosec^+  tan  ^j (6.) 

The  velocity  of  flow  is 

i;  =  Q^wm« (7.) 

liaking,  therefore,  the  proper  substitutions  in  equation   17   of 
Article  99,  we  find 

•""w*  ign^m^"  2gn^m^' ^  '^ 

from  which  is  deduced  the  following  value  of  the  required  hydraulic 
wkean  depth : — 

""tiT.-^* '•■> 
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The  value  of/  is  given  in  Article  99,  equation  15,  and  contains  a 
small  term  varying  inversely  as  the  velocity.  Assuming  as  an 
o/pproximfUe  ameragt  value 

/=  0007565, (10.) 

we  find, 


•»=(8Wn*f)*' ("•) 


and  having  computed  the  required  hydraulic  mean  depth,  all  the 
other  dimensions  of  the  channel  can  be  deduced  from  it. 

The  head  race  should  have  a  waste  weir  and  sluice  of  its  own, 
near  its  lower  end,  to  prevent  the  risk  of  the  water  overflowing  its 
banks;  and  if  it  is  of  great  length,  it  may  be  advisable  to  have 
several  waste  weirs  along  its  course. 

140  A.  Table  •€  s^nares  and  FffUi  p«w«9m. — ^The  preceding  for- 
mula is  exactly  similar  to  equation  11  of  Article  108,  except  that 
in  the  present  case  the  diameter  of  the  pipe  d  is  replaced  by  the 
hydraulic  mean  depth  of  the  channel  m,  and  the  multiplier  0'23  by 
(8512n«J-i 

Considering  that  for  pipes  and  channels  of  similar  figures,  the 
fifth  powers  of  the  corresponding  transverse  dimensions  are  propor- 
tional to  the  squares  of  the  volumes  of  flow,  it  appears  that  a  table 
of  squares  and  fifth  powers,  such  as  is  here  given,  is  useful  in  com- 
paring pipes  and  channels  of  diflerent  dimensions.  Suppose,  for 
example,  that  for  two  similar  channels  of  the  same  declivity,  the 
volumes  of  flow  are  in  a  given  proportion,  look,  in  the  column  of 
fifth  powers,  for  two  numbera  as  nearly  as  possible  in  that  propor- 
tion ;  and  opposite  tl.em,  in  the  column  of  squares,  will  be  found 
two  nurabei-s  nearly  projK)rtional  to  the  corresponding  transverse 
dimen.si<  ns  of  the  channels. 

141.  The  BesnlaUBff  siafcc  should  be  placed  as  close  as  possible 
to  the  wheel  It  delivers  the  supply  of  water  either  above  its 
upper  edge,  like  a  weir  or  notch  board,  or  between  its  lower  edge 
and  the  lower  edge  or  sUl  of  the  opening  in  which  it  slides. 

The  delivery  above  the  sluice  is  the  best  suited  for  wheels  on 
which  the  water  acts  chiefly  by  its  weight.  The  discharge  in  cubic- 
feet  per  second  for  a  given  depression  of  the  upper  edge  of  the 
sluice  below  the  surface  of  the  water  in  the  head  race  may  be  cal- 
culated by  the  formulae  of  Article  94,  Division  III. 

The  delivery  between  the  lower  edge  of  the  sluice  and  the  sill  is 
the  best  suited  to  wheels  ou  which  the  water  acts  chiefly  by  impulse. 
In  both  these  cases,  the  co-efficient  of  discharge  for  a  vertical  sluiCa 
may  be  taken  on  an  average  as 

c  =  0-7; (1.) 
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' 

Sqnm. 

FlfkbBiwer. 

Square. 

Fifth  Power. 

lO 

I  00 

I  00000 

55 

3025 

5032  84375 

11 

I  21 

I  61051 

56 

3x36 

5507  31776 

12 

144 

2  48832 

57 

3249 

6016  92057 

13 

I  69 

371293 

58 

3364 

6563  56768 

14 

I  96 

5  37824 

59 

34  8t 

714924299 

15 

225 

7  59375 

60 

3600 

7776  00000 

16 

256 

1048576 

61 

3721 

8445  96301 

17 

289 

14 19857 

62 

3844 

9161  32832 

18 

324 

18  89568 

63 

3969 

9924  36543 

19 

361 

24  76099 

64 

4096 

10737  41824 

20 

400 

32  00000 

65 

4225 

1 1602  90625 

21 

441 

4084IOI 

66 

4356 

1252332576 

22 

484 

51  53632 

67 

4489 

1350I  25107 

23 

529 

64  36343 

68 

4624 

M539  33568 

24 

576 

7962624 

69 

4761 

15640  31349 

25 

625 

97  65625 

70 

4900 

16807  00000 

26 

676 

118  81376 

71 

5041 

18042  29351 

27 

729 

143  48907 

72 

5184 

19349  17632 

28 

784 

172  10368 

73 

5329 

2073071593 

29 

841 

205  1 1 149 

74 

5476 

2219006624 

30 

900 

243  00000 

75 

5625 

23730  46875 

31 

961 

286  29151 

76 

5776 

25355  25376 

32 

10  24 

335  54432 

77 

50  29 

27067  84157 

33 

1089 

391  35393 

78 

6084 

2887174368 

34 

1156 

454  35424 

79 

62  41 

30770  56399 

35 

1225 

52521875 

80 

6400 

32768  00000 

36 

12  96 

604  66176 

81 

6561 

34867  84401  . 

37 

1369 

693  43957 

82 

6724 

37073  98439 

38 

1444 

79235168 

83 

6889 

39390  40643 

39 

15  21 

902  24199 

84 

7056 

41821  19424 

40 

1600 

102400000 

85 

7225 

4437053^25 

41 

16  81 

1 158  56201 

86 

7396 

4704270176 

42 

1764 

1306  91232 

87 

7569 

49842  09207 

43 

1849 

147008443 

88 

77  44 

52773  19168 

44 

1936 

1649  16224 

89 

7921 

55840594^9 

45 

2025 

1845  28125 

90 

81  00 

59049  00000 

46 

21  16 

2059  62976 

9^ 

8281 

62403  21451 

47 

2209 

2293  45007 

92 

8464 

65908  15232 

48 

2304 

254803968 

93 

8649 

69568  83693 

49 

2401 

2824  75249 

94 

8836 

73390  40224 

50 

2500 

312500000 

95 

9025 

7737809375 

51 

2601 

3450  25251 

96 

92  16 

81537  26976 

52 

2704 

3802  04032 

91 

9409 

8587340257 

53 

2809 

4181  95493 

98 

9604 

90392  07  96$.. 

54 

29  16 

4591  65024 

99 

9801 

95099  00499 
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because  the  contraction  is  jwrtial ;  but  the  sluice  is  very  often 
inclined ;  and  then,  for  an  inclination  of  60**  to  the  horizon,  or 
thereabouts, 

c  =  0-74; (2.) 

and  for  an  inclination  of  45®,  or  less. 


(j  =  0-8. 


.(3.) 


The  regulating  sluice  is  moved  by  mechanism  suitable  for  adjust- 
ing its  position  with  nicety,  such  as  a  rack  and  pinion,  or  a  screw. 
142.  Water  Wheel   o«Tera«rs  are  all  much  alike  in  principle, 


/ 

^3^u 

Fig.  47, 


FifT.  46. 

though  varied  in  details. 
The  single  example  here 
chosen  to  illustrate  them 
is  by  Mr.  Hewes. 

Figs.  45  and  46  are 
elevations  of  this  appara- 
tus viewed  along  and 
across  a  horizontal  shafb^ 
to  be  afterwards  men- 
tioned ;  fig.  47  is  a  hori- 
zontal section,  below  the 
level  of  the  pair  of  ro- 
vol  vingpendulums,  which 
are  shown  in  the  elevation 
as  forming  the  uppermost 
part  of  the  apparatus,  and 
are  earned  by  a  vertical 
spindle,  driven  by  the 
water  wheel. 


As  to  revolving  pendulums  in  general,  see  Articles  19,  55 
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From  the  rods  of  the  reyolving  pendulums  two  links  suspend  a 
square  slider,  which  rotates,  rises  and  falls  with  the  balls  of  the 
pendulum,  and  from  which  projects  a  cam  A. 

From  a  vertical  shaft  D,  there  projects  a  horizontal  fork  B,  whose 
prongs  are  at  opposite  sides  of  the  pendulum  spindle.  The  end  of 
the  right-hand  prong  is  above,  and  the  left-hand  pix>ng  below,  the 
level  of  the  cam  A,  when  it  is  at  the  elevation  corresponding  to  the 
proper  speed  of  the  wheel,  so  that  the  cam  revolves  without  touch- 
ing either  prong ;  but  the  slider,  immediately  above  and  below  the 
cam,  is  of  such  dimensions,  as  to  bring  the  fork  to  its  middle 
position  if  it  has  deviated  from  it. 

I  In  many  water  wheel  governors,  the  fork  corresponding  to  B  is 
four-pronged,  having  one  pair  of  prongs  at  the  middle  elevation  of 
the  cam,  and  wide  enough  apart  to  allow  the  cam  to  revolve  freely 
between  them  when  the  fork  is  in  its  middle  position.  The  other 
two  prongs  are  closer  to  the  spindle,  and  one  is  above,  and  the 
other  below,  the  middle  elevation  of  the  cam,  like  the  two  prongs 
of  the  fork  shown  in  the  figures.] 

The  lower  end  of  the  pendulum-spindle  carries  a  horizontal  bevel 
wheel,  which  drives  two  vertical  bevel  wheels,  turning  loosely  on  a 
horizontal  shaft,  which  by  suitable  mechanism  is  connected  with 
the  regulating  sluice.  The  vertical  bevel  wheels  obviously  rotate 
in  opposite  directions. 

E  is  a  double  clutch,  which  in  its  middle  position  is  free  of  both 
the  vertical  bevel  wheels ;  but  which,  by  being  moved  to  one  side 
or  to  the  other,  can  be  made  to  lay  hold  of  either  of  those  wheels, 
so  as  to  make  that  wheel  communicate  its  rotation  to  the  horizontal 
shaft. 

C  is  a  second  fork,  projecting  from  the  vertical  shaft  D,  and 
clasping  the  clutch,  so  as  to  regulate  its  position. 

When  the  water  wheel  goes  faster  than  its  proper  speed,  the 
]jendulums  rise,  lifting  along  with  them  the  revolving  cam  A,  which 
strikes  the  upper  and  right-hand  prong  of  the  fork  B,  and  drives  it 
towards  the  right,  together  with  the  second  fork  C,  which  shifts 
the  clutch  so  as  to  lay  hold  of  one  of  the  vertical  bevel  wheels,  and 
thus  cauhcs  the  horizontal  shaft  to  i-otate  in  such  a  direction  as  to 
close  by  degrees  the  regulating  sluice ;  and  this  closing  goes  on 
until  the  water  wheel  lias  resumed  its  proper  speed,  when  the  pen- 
dulums fall  to  their  middle  position,  and  lower  the  cam  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then 
disengaged  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

When  the  water  whe  I  goes  slower  than  its  proper  speed  the 
pendulums  sink,  lowering  at  the  same  time  the  cam  A,  which 
strikes  the  lower  and  left-hand  prong  of  the  fork  B,  and  drives  it 
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towanb  the  left,  together  with  the  second  foric  C,  which  shifts  the 
chitch  80  as  to  make  it  ky  hold  of  the  other  vertical  bevel  wheel, 
and  thus  causes  the  borisontal  shaft  to  rotate  in  such  a  direction  as 
to  open  by  degrees  the  r^ohiting  sluice  ;  and  this  opening  goes  on 
until  the  water  wheel  has  resumed  its  proper  speed,  when  the  pen- 
dulums rise  to  their  middle  position,  and  lift  the  cam  A  so  that  it 
no  longer  strikes  either  prong  of  the  fork.  The  clutch  is  then  dis- 
eugag(*/d  from  both  wheels,  and  the  sluice  remains  in  the  position 
to  which  it  has  been  brought. 

143.  A  0«aml  I»mrl^««B  •f  VwnlMl  fl'a-cr  H'lMalB  will  u<»w  be 
given,  and  illustrated  by  figures  of  those  forms  of  the  different 
classes  of  wheels  which  were  most  common  before  the  latest  im- 
provements, tliese  being  reserved  for  the  more  detailed  descriptions 
in  the  en8uing  sections. 

Vertical  water  wheels  may  be  classed  as  follows  : — I.  Overshot 
wlieel^  and  breast  tofteds,  being  vertical  wheels,  on  which  the  water 
acts  partly  by  its  weight,  or  by  potential  energy,-  and  partly  by 
its  impulse,  or  by  actual  energy.  II.  Underslwt  toh&ds,  being  ver- 
tical wheels,  on  which  the  water  acts  by  its  impulse.  The  follow- 
ing are  the  essential  jiarts  common  to  all  vertiod  water  wheels : — 
1.  The  axis  or  shaft,  and  its  gudgeons  or  journals.  2.  The  radiating 
parts  on  which  the  water  acts;  which  in  overshot  and  breast  wheels 
are  Imckets  or  colls  ;  in  undei'shot  wheels,  floats  or  vanes,  3.  The 
ar-nis  or  spokes  and  other  framework  by  whidi  the  buckets  or  flxmts 
are  connected  with  the  shaft.  The  channel  or  chamber  in  whicli 
the  wheel  works  is  called  the  wheel  race  or  witeel  trouyh.  Water 
wheels  are  protecttnl  from  fix)st,  and  fi-oni  other  causes  of  stoppage 
and  injury,  by  being  enclosed  in  a  wfieel  /umse. 

I.  Oret*s/iot  and  Breast  W/teels. — The  water  is  supplied  to  this 
class  of  wheels  at  or  below  the  summit,  and  acts  wholly,  or 
chiefly,  by  its  weight.  The  peripheiy  of  an  ovei-shot  wheel  con- 
sists of  the  sole  plate,  a  cylindrical  drirni,  and  the  orawas,  being 
two  thin  vertical  rings,  connected  with  the  shaft  by  arois  and 
bnaes,  and  having  the  space  between  tliem  divided  into  cells  by 
curvt>d  or  angular  tix>ugh-shaped  partitions  called  buckets.  The 
watei*  }M)urs  from  the  pentstock  through  the  regulating  sluioe,  some- 
times guide<l  by  a  s]>out,  into  the  ofteuings  at  the  outer  edges  of 
the  eii-ole  of  buckets,  filling  them  in  succession.  Formerly  the 
buckets  used  to  lie  closed  at  their  inner  sides,  which  are  parts  of 
the  s*»le  plate,  but  now  they  ai-e  made  with  o})enings  for  the  escape 
and  iv-entrance  of  air.  While  the  buckets  ai-e  descending,  part  of 
tilt'  wat«»r  overflows  and  escapes,  and  this  is  a  cause  of  waste  of 
ent'jXA' :  as  each  bucket  arrives  at  the  lowest  point  of  its  revolution, 
it  discharges  all  its  water  into  the  tail  luce,  and  ascends  empty. 
A  bit!Hst  wheel  diflfers  from  an  overshot  wheel  chiefly  in  having 
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Ihe  water  poured  into  the  buckets  at  a  somewhat  lower  elevation 
as  compared  with  the  summit  of  the  wheel,  and  in  being  provided 
with  a  casing  or  trough,  called  a  breast^  of  the  fonn  of  an  arc  of  a 
cylindei",  extending  from  the  regulating  sluice  to  the  commencement 
of  the  tail  race,  and  nearly  fitting  the  periphery  of  the  wheel,  which 
revolves  within  it.  The  effect  of  the  breast  is  to  prevent  the  over- 
flow of  water  from  the  li|i8  of  the  buckets  until  they  are  over  the 
tail  race.  The  nsnal  velocity  of  the  periphery  of  overshot  and  high 
breast  wheels  is  fix)m  three  to  six  feet  per  second  ;  and  their  avail- 
able efficiency,  when  well  designed  and  constructed,  is  from  0*7  to 
OS.  The  diameter  of  an  ovei*shot  wheel  must  be  little  less  than 
the  height  of  the  fall  of  water,  and  that  of  a  high  breast  wheel 
somewhat  greater ;  and  they  are,  consequently,  sometimes  of  enor- 
nimis  size.  A  few  exist  exceeding  seventy  feet  in  diameter.  Wheels 
of  this  class  are  the  best  where  there  are  large  supplies  of  water 
and  falls  that  are  not  too  low. 

II.  Undershot  and  Low  Breast  Wheele, — Wheels  of  this  class  are 
driven  chiefly  by  the  impulse  of  water,  discharged  from  an  opening 
at  the  bottom  of  the  reservoir  with  the  velocity  produced  by  the 
&11,  against^  :aU  or  vanes.  Every  such  wheel  has  a  cei-tain  vdocUy 
of  maximum  efficiency,  being  the  velocity  of  the  wheel  which  gives 
the  least  possible  velocity  to  the  discharged  water,  and  bearing  a 
ratio  to  the  supply-velocity  of  the  water  which  depends  on  the  form 
of  the  floats,  biit  does  not  in  any  case  differ  much  from  ^.  In 
undershot  wheels  of  the  old  construction,  the  floats  are  flat  boards 
in  the  du*ection  of  radii  of  the  wheel,  and  the  maximum  theoretical 
efficiency  is  ^.  The  available  efficiency  is  much  less,  seldom  ex- 
ceeding ^.  An  undershot  wheel,  provided  with  a  breast  or  casing 
extending  as  before  described  from  the  sluice  to  the  commencement 
of  the  tail  race,  becomes  a  low  breast  wheel,  in  which  the  water 
acts  partly  by  weight,  though  chiefly  by  impulse.  This  class  of 
wheels  was  much  improved  by  Poncelet,  who  curved  the  floats  with 
a  concavity  liackwards,  adjusting  their  position  and  figure  so  that 
the  water  should  be  supplied  to  them  without  shock,  and  should 
drop  from  them  into  the  tail  race  without  any  horizontal  velocity. 
The  maximum  theoretical  efficiency  of  such  wheels  is  as  great  as 
that  of  overshot  wheels,  but  their  available  efficiency  has  not  been 
found  to  exceed  0*6.  They  are  well  adapted  to  low  falls  with  large 
supplies  of  water. 

Fig.  48  is  a  general  view  of  an  overshot  wheel  of  the  old  con- 
stiaiction.  A,  spout;  B,  shaft  and  gudgeons;  0,  8})oke8;  D, 
crowns,  one  having  a  toothed  ring,  for  driving  a  pinion,  and  so 
giving  motion  to  machineiy ;  E,  sole  plate ;  F,  buckets ;  G,  tail 
race,  in  which  the  water  runs  in  the  direction  opposite  to  that  of 
the  motion  of  the  adjoining  part  of  the  wheeL 
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Figs,  49,  50,  and  51.  are  vertical  sections  of  part  of  the  rim  of  aii 
overi&ot  wheel ;  figs.  49  and  50  showing  wooden  buckets,  and  fig. 


Fig.  48. 


l-ip  62. 


Fig.  63. 


Fig.  49.      Fig  60.      Fig.  61. 

ol  iron  buckete.  In  eiich  of  these 
Hgui-es,  I)  denotes  the  cix)wn,  E  the. 
sole  plate,  F  the  buckets. 

Two  methods  were  formerly  em- 
ployed of  preventing  the  air  in  tin 
buckets  from  im]>eding  the  entwnce 
of  the  water ;  one  was  to  make  u 
few  small   holea  in  the  sole 
[)late,  and  the  other,  to  make 
the   wheel  broader  than   the 
spout,  so  that  the  air  could 
t'scnpe   at   the    ends   of    the 
buckets  while  the  watt»r  en- 
tered  in   the    middle.      The 
ineihod  now  used  will  be  de- 
scribed in  the  sequel. 

Fig.  .02  is  a  wooden  breast 
wheel  of  the  old  construction, 
with  flat  floats.  A,  reservoir  ; 
B,  sluice,  worked  by  a  rack 
and  pinion  :  C,  bi-east  and 
wheel  trough  ;  D,  wheel ;  K, 
tail  race,  in  which  the  water 
moves  along  with  the  wheel. 
The  water  acts  on  this  wheel 
partly  by  impulse  and  partly 
by  weight. 

Fig.  53  is  an  undershot 
wheel  of  the  old  construction. 
A ,  reservoir ;  B,  sluice  ;  C, 
wheel  ti-ough  ;  D,  wheel ;  E, 
Uiii  nice,  iu  which  the  water 
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moves  along  with  the  wl.eel.     The  water  acts  on  this  wheel  wholly 
by  impulse.  ^ 

x.^l*^^Ilr'*JIr  •^  ^■••■'  •■  ^■■•*  (l^^^^y  extracted  from  A.  M. 
648,   649X— The  axition  of  water  "by  impulse"  against  a  solid 


Fig.  55. 


Fig.  54. 


Fig.  5& 


Fig.  57. 


Borfaoe,  is  that  pi-essure  which  is  exerted  by  the  water  against  the 
surface  in  consequence  of  the  velocity  and  direction  of  the  motion 
of  the  water  being  changed  by  contact  with  the  surface. 

The  direction  and  amoimt  of  the  pressure  exeited  by  a  jet  or 
stream  of  water  against  the  solid  surface  ai«  determined  bv  the 
following  principles,  which  are  the  expression  of  the  secimd  taw  of 
motion  (already  cited  in  Articles  14,  29,  30),  as  applied  to  this 
case : — 

I.  The  direction  of  that  pressure  is  opposite  to  the  direction  of 
the  change  produced  in  the  motion  of  the  stream  during  its  contacjt 
with  the  surface. 

II.  The  magnitude  of  that  pressure  bears  to  the  weight  of  water 
flowing  along  the  stream  in  a  second,  the  same  ratio  which  the 
velocity  (ler  second  of  the  change  in  the  motion  of  the  stream  bears 
to  the  velocity  generated  by  gravity  in  a  second  (viz.,  ^  =  32*2  feet 
per  second). 

It  only  remains  to  be  shown,  how  the  direction  and  velocity  of 
the  change  of  motion  of  the  stream  are  to  ti^  4fltennined. 

In  what  follows,  the  effect  of  friction  te^^wn  tlie  itf^ream  and  Um 
vane  b  supposed  to  be  insensible. 
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In  each  of  the  figs.  54,  55,  56^  57,  A  repreHentH  the  atnun  or 
jet,  and  B  the  vane.  Fig.  54  repi-esents  the  caae  in  which  the  vane 
guides  the  sti-eain  in  one  definite  directiou  £  F ;  and  the  solution 
of  this  case  leads  to,  or  comprehends,  the  solution  of  the  others. 
Figs.  55  and  57  represent  ca«es  in  which  the  vane  lias  a  plane  sur- 
face, and  the  stream  glances  off  it  in  various  directions.  In  fig.  55 
the  vane  is  per|>endicular,  and  in  fig.  57  oblique,  to  the  direction  of 
the  stream.  Fig.  56  i-epresents  a  concave  cup-shaped  vane,  turning 
the  stream  backwards.  Corresponding  lines  on  the  different  figures 
are  marked  with  the  same  letters. 

A  jet  of  fluid  A,  striking  a  smooth  sur&ce,  is  deflected  so  as  to 
glide  along  the  surface,  and  at  length  glances  off  at  the  edge  E,  in 
a  dii'ection  tangent  to  the  surface.  As  the  particles  of  fluid  in 
contact  with  the  surface  move  along  it,  and  the  only  sensible  force 
exei-ted  between  them  and  the  surface  is  perpendicular  to  their 
directiou  of  motion,  that  force  cannot  accelerate  or  retaitl  the 
motion  of  the  paHicles,  relatively  to  the  surface,  but  can  only 
deviate  it. 

When  the  surface  has  a  motion  of  translation  in  any  direction 
with  the  velocity  t^  let  B  D  represent  that  direction  and  velocity, 
and  B  C  the  direction  and  original  velocity  v  of  the  jet  Then 
D  C  i-epveseuts  tlie  direction  and  velocity  of  the  oiiginai  motion  of 
the  jet  i-elatively  to  the  surface.  Draw  E  F  =  D  C  tangent  to  the 
surface  at  E,  wliei-e  the  jet  glances  off ;  this  represents  the  relative 
velocity  and  dii-ection  with  which  the  jet  leaves  the  surface.  Draw 
F  G  II  and  =  B  D,  and  join  E  G;  this  la.st  line  represents  the 
direction  and  velocity  relatively  to  the  earth,  with  which  the  jet 
leave.**  the  surface,  being  the  resultant  of  E  F  and  F  G. 

I.  Gmerrd  Prohlem.^'Drayr  ITH  tmrallel  to  the  tangent  E  F, 
and  equal  to  D  0 ;  then  will  the  base  C  H  of  the  isosceles  tnangla 
C  D  H  re])resent  the  dii-ection  and  velocity  of  the  cfuknge  ofnwUan 
undergone  by  the  jet  during  its  contact  with  the  vane;  so  that, 
according  to  the  firat  of  the  princi[>les  already  laid  down, 

H  C  is  the  dit^eolion  of  the  pressure  exerted  by  the  jet  agiiiust 
the  vane ; 

and,  accoixling  to  the  second  of  those  principles,  the  Tna^iiude  of 
that  pressure  is 

DQ-^; (1.) 

when  D  Q  is  the  weight  of  the  flow  of  water  in  a  second. 

But  the  whole  magnitude  of  that  pressure  is  of  less  importance 
than  the  magnitude  of  that  component  of  it  which  is  an  ^(fri  as 
respects  the  vane ;  that  is,  which  acts  along  the  direction  B  D  of 
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the  vane's  motiou.  To  lind  that  effort)  H  C  in  equation  I  is  to  be 
replaced  by  its  projection  on  B  D,  viz.,  L  M  ;  H  L  and  C  M  being 
jierpendiculars  let  taJl  on  6  D  from  the  two  ends  of  H  C.  There- 
foi^,  let  P  denote  the  effort  required  ;  then 


P  =  DQ? 


LM. 

9 


.(2.  J 


and  the  energy  per  second  exerted  by  th«  jet  on  the  vane  is 

IMBD 


Pw  =  DQ 


.(3.) 


[In  tig.  66^  the  line  corresponding  to  L  M  is  simply  D  Q,  the 
difference  between  the  velocities  of  the  jet  and  vane,] 

To  express  these  principles  algebraically,  let 

i?j  =  B  O  denote  the  original  velocity  of  the  jet ; 

u  =  B  D,  the  velocity  of  the  vane ; 

«  =  ,^:^  D  B  C,  the  angle  between  the  dii*ections  of  those  veloci- 
tit« ; 

y  =  .^riT  M  D  H  =  supplement  ..^r^  B  P  G,  the  angle  which  a 
tangent  to  the  vane  at  the  edge  where  the  jet  leaves  it,  makes  with 
the  direction  of  motion  of  the  vane  ;  then, 

B  M  =  Tj  cos  » ;  D  M  =  r^  cos  «  —  ti ; 

D'H  =  D  C  =  ^{t;- -f  u2  -luv^  cos  «}. 

D  L  =:  —  D  H  cos  y  (in  which  it  is  to  be  observed,  that  cosine-a 
of  obtuse  angles  ai'e  negative)  ;  and,  consequently, 

L  M  =  t?!  cos  x  -  u  "  cosy  '  J  ^if,  -f  M^  —  2  u  Vi  cos  «]  . 


P  =  D  Q  •  -  s  t\  cos  »  -  u  -  cos  >  • 
yf  [tfi  +  yr  -  2  «A  Vj  cos  *] 

P  u  =  D  Q  •  -  ^  uv.  cos  »  —  m^  -  m  •  cos  y 
9  * 

J\tfi+u^  —  '2uv^  cos  «] 


..(4.) 

.(6.) 
..(6.) 


If  thtf  final   velocity  of  the  water,  E  G  =  B  H,  be  denoted  by 
r„  its  value  is 

v^  =  J  IBD^H-  DH^-f  2 I7jl>  •  D  H   cos  /]  L^ ^ 

=  ^)r?-  :!M(t?iC08-t— i4)  +  2wcos'/ <^/(v?-fu*-2u«iCoM«;j  ) 
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From  which  it  is  evident  that  equation  6  in  equivalent  to  the 
following : — 

1>«  =  Dq1^^'; (8.) 

that  is,  the  energy  exerted  by  the  wetter  on  the  vane  ie  eqtud  to  the 
actual  energy  lost  by  the  water^  a  consequence  of  the  assumption 
that  the  friction  is  insensible. 

The  EFFICIENCY  of  the  action  of  the  jet  on  the  vane  is  the  ratio 
of  the  energy  exerted  on  the  vane  in  a  second  to  the  actual  energy 
of  the  flow  in  a  second;  that  is,  its  value  is 

l-;t  =  _.?i^_^_  =  l-!^=l-S 

=  21— 'cos*-^-  -cosy -A  /  <1+^— 2— co8«> 

It  is  obvious  that  there  are  two  cases  in  which  the  efficiency  is 
nothing ;  first,  when  the  vane  stands  still,  or  u  =  0  ;  and,  secondly, 
when  the  vane  moves  at  such  a  speed  that  P  =  0 ;  that  is,  when 

u  -^  Vj  =  co8  «  +  8in  ftootan  y (10,) 

For  each  particular  pair  of  angles  «  and  y,  there  is  an  intei^ 
mediate  value  of  the  ratio  u  -r-  v^,  which  makes  the  efficiency  a 
maximum.  The  determination  uf  that  ratio  in  the  most  general 
case  involves  the  solution  of  an  equation  of  the  fourth  order,  and  is 
not  useful  in  proportion  to  the  trouble  of  obtaining  it  The  ratio, 
therefore)  will  be  determined  in  those  particular  cases  only  which 
an*  moat  useful.  

II.  Case  in  whic/i  H  C  ||  B  D. — In  this  case,  the  pressure  exei-ted 
by  the  jet  on  the  vane  is  wholly  an  effi^rt,  being  parallel  to  the 
direction  of  motion  of  the  vane.  In  order  that  it  may  be  so,  the 
angles  C  D  M,  H  D  M  =  7,  made  respectively  by  the  original  and 
filial  motion  of  the  jet  rekuivdy  to  tlte  vane,  with  the  direction  of 
motion  of  the  vane,  must  be  equal,  so  that 

D  L  =  D  M  =  Vj  cos  «  —  tt ; 
and  equations  4,  5,  6,  7,  and  9,  become 

LM  =  2(i;iCOs  -  -ti); (11.) 

^^2DQ(y^oo8^t~u) 
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p^^2DQufacoe,-«). ^^3^ 

«'i=\'[«f -*«(»!  00"  •-«)]; (14) 


DQ 


»i  ~       »J ""  t>f 


2y 


In  this  it  is  evident,  that  the  efficiency  is  nothing  when  u  is 
either  =  0,  or  =  v^  cos  »,  and  that  the  speed  of  greatest  ^fi4:iency  is 

r,  cos  »  /tc  \ 

^=  -^-2—^ (^^^ 

for  which  the  effort,  the  energy  exerted  per  second,  and  the  final 
velocity  of  the  water,  have  the  values 

p^DQt,,coB.. ^,yj 

y 

p^^DQ|^.. (^3j 

t;2  =  rjsin«; (19.) 

and  the  greatest  ^pciency  itself  is 

l-A:  =  cos2« (20.) 

111.  Case  of  a  FUU  Vane,  normal  to  Uie  Jet,  and  Tuoving  in  t/it 
same  direction  (fig.  55). — In  this  case  the  water  glances  off  f ram  the 
edge  of  the  vane  in  all  directions;  cos  «  =  1 ;  cos  y  =  0;  and 
equations  5,  6,  7,  and  9,  become 

P  =  DQ-^''; (21.) 

Fu=DQ"(Y^>; (22.) 

©,  =  ^  (rf  -  2  w  1?!  +  2  w«) (23.) 

^_j^^2u{v^-u) ^2^^ 

The  greatest  efficiency  evidently  takes  place  when 

«  =  5; (M.) 

and  in  that  case 


1*  =  ^^ (26) 
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^"4^: (-> 

«'«=^^i (28.) 

1-*  =  ^ (29.) 

■o  that  at  least  one-half  of  the  enei-gy  of  the  jet  is  lost 

IV.  Ca^  of  a  Cup  Vane  (tig.  56). — Let  the  motion  of  this  vane 
be  in  the  same  direction  with  that  of  the  jet,  so  that  cos  »  =  1 ; 
and  to  avoid  the  inconvenience  of  using  negative  quantities,  let 
fi  =  y  -  90°  Ik?  the  aciUe  angle  made  by  the  edge  of  the  cup,  all 
round  which  the  water  glances  off,  with  the  axis  of  the  cup ;  so 
that  -  cos  y  =  +  cos  A     Then  etjuations  4,  5,  6,  7,  and  9,  become 

LM  =  (v,  -w)(l  +C0S/3); (30.) 

P  =  D  Q  •  -^^^  •  (1  +  cos  ^)  ; (31.) 

P  7^  =  D  Q  •  ~^-^—^  (1  +co8^); (32.) 

v^  =  ^/{t7f-  2  u  (rj  -  u)  '  (1  +  cos  fi)} (33.) 

1  _;fc=,^(!izJ-^(L+5^) (34.) 

The  speed  of  greatest  efficiency  is  obviously,  as  in  case  III., 

«  =  |; (35.) 

and  then 

P  =  D  Q  •  |i  •  0  +  «x)s  ^) ; (36.) 

Pm  =  DQ.-^(H-co8/8)  ; (37.) 

''«=''.vo-~r-)' <'«•> 

l_A  =  L+^^ (39.) 
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The  form  of  greatest  efficiency  for  the  vane  is  a  hemisphere,  for 
which  C08  ^  =  1 ;  and  then,  wlien  the  speed  of  gi-eatest  efficiency  is 
maintaiuedy  we  find 

'•  =  ^^-; (40.) 

r-^r'^ «..) 


«« 


-s  =  0; (42.) 

1  -Ar=r  1; (43.) 

being  perfect  ejfficieThcy, 

V.  CcLse  of  a  Flat  Vane,  oblique  to  tfie  Jet  (fig.  .57)  — In  this  case, 
the  eaisiest  method  of  sohition  is  the  following  : — 

Let  r'  =  D  C  be  the  velocity  of  the  jet  relatively  to  the  vane, 
found  as  in  the  genei-al  case  Let  the  angle  C  D  K  which  it  makes 
with  a  normal  to  the  vane  be  denoted  by  6, 

Resolve  t?'  =  C  D  into  two  components,  viz.  : — 


vane  =  t/  •  cos  ^ ;  ) 
ine  =  t?'  •  sin  ^ ;      J 


1)  K  normal  to  the  vane  =  _      ,  , 

K  C  along  the  vane  :       *      "     ' 


Then  according  to  the  supposition  that  friction  is  insensible,  K  C 
is  not  aflFected  in  magnitude  by  the  vane;  but  D  K  is  entirely  taken 
away ;  so  that  D  K,  in  fig.  57,  corresponds  to  H  C  in  fig.  54,  and 
represents  the  direction  and  velocity  of  the  entire  change  of 
motion  produced  by  the  action  of  the  vane  on  the  water.  Hence 
the  whole  pressure  exerted  by  the  water  on  the  vane  is  in  a  direc- 
tion normal  to  the  vane,  and  its  magnitude  is 

P^DQ-^ll^^' (45.) 

Now  let  u  be  the  velocity  with  which  the  vane  moves,  in  a  direc- 
tii>n  making  the  angle  o  with  the  normal  to  its  surface;  then  the 
ejffvri  of  the  water  on  the  vane  is 

Ti       TV        \       ^^i?'cos^cos5  ,.^.  V 

if 

and  the  energy  exerted, 

r  u  =  D  Q  •  »_^^«i£?L» (47.) 

which  being  divided,  by  D  Q  vj  -i-  2  i^,  as  in  former  cases,  gives  the 
effioieney. 

Another  mode  of  arriving  at  the  same  result  is  as  follows  : — 


170 


WATER  POWER  AND   WIND   POWER. 


from  which  we  obtain 


P  =  DQ 
Pu=DQ- 


l-.ifc  = 


V,  cos  ^  cos  J  -  U  COS*  i 

-" 9 ' 

m;^  *  COS  ^  COS  3  —  u^  ooa^  I 

9  ' 

A 

'  COS  i  COS  0  -  2  — ;   •  COS*  3. .  „ 


Let  ^  be  the  angle  which  the  original  direction  of  the  jet  makes 
with  the  normal  to  the  vane.     Then 

.(48.) 

.(49.) 
.(M.) 
.(51.) 

,.(52.) 

.(53.) 
.(54.) 
..{55.) 


The  speed  of  greatest  efficiency  is 

v^  cos  j 
2  cos  I  ^ 


u  = 


giving  the  following  results  : — 
P  =  DQ 


Vj  cos  ^  COS  3 


^9 


Pu  =  D  Q 


l-k=- 


V]  COS*  ^ 
JOS*  ^ 


which  is  independ&rU  of  I, 

145.  Beat  form  •£  Vane  t«  receive  Je:.  —  In  all  water  wheels, 
whether  the  water  acts  chiefly  by  weight  or  chiefly  by  impulse,  it 
18  desirable,  in  order  to  reduce  to  as  small  an  amount  as  possible 
the  loss  of  energy  by  agitation  of  the  water,  that  the  jet,  on  first 
coming  in  contact  with  the  vane,  float,  or  bucket  lip,  should  not 
strike  it,  but  glide  along  it. 

That  object  is  attained  in  the  following  manner  : — 
In  tig.  58,  0  B  E  is  a  vane,  float,  or  bucket,  moving  in  the 

direction  BD  with  the  velocity 
w=B  D.  A  is  a  jet,  moving  in  the 
direction  B  C  with  the  velocity 
r^=B  C,  and  first  touching  the  vane 
at  and  near  the  point  B.  Join  D  C : 
then  that  line  will  ropi^esent  the 
direction  and  velocity  of  the  motion 
of  the  water  rdativdy  to  t^ie  vane; 
and  of  what  shape  soever  the  vane 
Fig.  58.  may  be  elsewhere,  its  surface  at  and 

neai'  B,  where  it  first  receives  tha 
jet,  should  be  parallel  to  D  C 
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Poncelet's  Fix)at8. — This  improvement  in  the  form  of  vanes  or 
lloatH  was  introduced  hy  Poncelet,  and  applied  to  his  undershot 
wheels,  which  will  be  further  described  in  the  sequel.  The  prin- 
dple  is  applicable  to  all  wheels  whatsoever. 

The  following  consequences  of  the  principle  are  applicable  to  the 
case  No.  II.  of  Article  144,  in  which  the  angle  y=N  D  H,  made 
by  the  edge  of  the  vane  where  the  water  glances  off,  with  the 
direction  of  motion  of  the  vane,  is  supplementary  to  the  angle 
which  is  made  with  that  direction  by  the  original  relative  motion 
of  the  jet  This  condition  is  fulfilled  in  Poncelet*s  wheels ;  for  the 
water,  after  running  up  towards  0,  to  the  vertical  height  due  to  its 
relative  velocity  D  0,  returns,  and  glances  off  at  the  edge  E  near 
B  :  so  that  D  H,  equal  and  opposite  to  D  C,  represents  the  direction 
and  velocity  of  its  final  motion  rdcU'vely  to  the  vane,  and  B  H  the 
direction  and  velocity  of  that  motion  relativdy  to  the  earth.  It  has 
been  shown,  in  the  division  of  Article  144  just  referred  to,  that 
the  speed  of  greatest  efficiency,  neglecting  friction,  is 


__t?,  cos  « 


.  — lU 


(where  «=r,^CBN).  Therefore,  from  C  let  fall  CN  perpendi- 
cular to  B  N  ;  Insect  B  N  in  D,  and  join  D  C  ;  then  to  this  line 
the  vane,  at  and  near  B  £,  would  have  to  be  made  parallel  if  there 
were  no  friction.  But  one  of  the  effects  of  friction  is  to  make  the 
speed  of  gi-eatost  efficiency  somewhat  greater  than  J  v^  cos  «  ;  and 
tins  must  be  considered  in  designing  vanes,  as  will  be  shown  in  the 
next  Article. 

146.  Eflirci  of  Friction  daring  impnia^. — In  the  two  preceding 
Articles,  the  friction,  during  the  impulse  of  the  water  on  the  vanes, 
has  \yeeii  supposed  to  be  insensible.  Nothing  precise  is  known  of 
its  mode  of  action,  and  the  following  investigation  is  in  a  great 
mea.sure  conjectural ;  but  its  results  show  a  general  agreement  with 
those  of  experiment 

r>et  it  be  assumed,  that  the  friction  in  question  causes  a  loss  of 
energy  per  second  proportional  to  the  height  due  to  the  velocity  of  the 
water  relatively  to  the  vane;  which  velocity  is 

DC  =  J  \{v^  cos  cc  -uf  +  v\  sin2  «}. 

Then  the  loss  of  energy  per  second  by  friction  may  be  repre* 
seated  by 

DQ/-  (^1  CQ8  «  -  u)^  + 1?;  sing  » ^^  ^ 

/being  an  unknown  co-efficient 
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Let  the  case  under  consideration  Htill  be  Case  II.  of  Article  144, 
illustrated  in  fig.  58  ;  then  referring  to  equation  13  of  that  Article 
for  the  energy  exerted  on  the  vane  per  second  when  iriction  is  not 
allowed  for,  it  ai)i)ears  that,  after  deducting  lofo  by  friotion,  that 
energy  becomes 


P„^DQ.jiii(^'i''^-^«-») 


(r^  cos  »  -  «)*  -f  rl  sin^  a,   \ 

2g  f  J 


(2.) 


*i"  rU- /    -i-'08«; (4.) 


80  that  the  efficiency  is  reduced  to 

1  _  ifc  =  4  u  {V,  c^J'^_/{vi^'jz^_j.^^t  ,..(3.) 

Fi-otn  tiiiH  exjn-ession  it  is  easily  found  that  the  apted  of  greatat 
efficiency  has  the  value 

2_+./- 

4+/ 

being  greater  than  the  sjioed  of  greatest  efficiency  when  friction  is 
insensible,  in  the  i»r()i)ortion 

4 +  2/:  4+/ 

Suppose  that  the  speed  of  gi-^atest  efficiency,  w,,  for  a  given 
wheel  has  been  found  by  experiment.  Then  the  co-efficient  f  is 
given  by  the  formula 

^  l«i  -  2  r^  cos  a  

I'j  cos  «  — Itj 

which  value  Imviug  been  substituted  in  equation  3,  gives  for  the 
givrttest  efficiency, 

1  -  >t  =  2(riCos«-?^i)  _  4  u^  -  2  Vi  cos  «    ^j^^g  «...(6.) 
I'j  t'j  cos  «  -  ttj 

To  illustrate  this  by  a  numerical  example  :  Suppo6e  that  oos  « 
=r  -99  ;  sin  «  =  125  ;  and  that  it  has  been  found  by  exjieriment 
that  Wj,  instead  of  being  =  v^  cos  «  x  i,  as  would  be  the  case  if 
there  wei*e  no  friction,  is  v^  cos  «»  x  0-6. 

Then  by  equation  5,/=  1  ;  and  by  equation  6,  1  -^  =  0*78. 

This  result  is  appn)ximately  verified  in  piactioe,  as  will  afber- 
waixls  be  shown ;  and,  such  being  the  case,  it  appears  that,  in 
designing  float  boards  according  to  the  principles  of  Aiiiicle  145,  B  i) 
should  be  made  =  ,•>  B  N.     (See  tig.  56.} 
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147.  IMrect  Acfimi  dtoiNigittobcd  frMn  llMietloH. — The  preSRUre 
which  a  jet  exerts  sgainst  a  vane,  ciui  always  be  distinguished  into 
two  parts,  viz.  : — 

I.  The  pveasure  arising  from  the  changing  the  direct  component 
Tj  eoA  m.  of  the  velocity  of  the  water  into  the  velocity  u  of  the  vane. 
This,  which  may  be  called  the  pressure  due  to  direct  impulse,  has 
always  for  its  value 

P,=-.DQ.?l^?L^;  (1.) 

and  is  not  affected  by  friction  nor  by  any  other  cause ;  and  the 
enei^gy  which  it  exerts  per  second  on  the  vane  is  always 

Pj«  =  DQ-^''^^^^«\ (2.) 

bearing  to  the  whole  actual  energy  of  the  water  the  proportion 
2  u  (v^  cos  «  -  u) 


*? 


(3.) 


whose  maximum  value,  viz., — 

^. (4) 

con-esponds  to  the  speed, 

r,  cos  «  ... 

^  =  -^^— ' (^O 

For  a  flat  vane  moving  uonnally,  as  in  fig.  55,  this  direct  action 
is  the  only  action  by  impulse  of  the  water  on  the  vane.  It  is  also 
the  only  action  by  impu?se  when  water  enters  a  bucket  and  does 
not  immediately  glance  out  again,  but  continues  to  move  along  with 
the  bucket. 

IL  The  term  reaction  is  applied  to  the  additional  action  de- 
pending on  the  direction  and  velocity  with  which  the  water  glances 
off  from  the  vane.  It  is  this  which  is  diminished  by  the  friction 
between  the  water  and  the  vane,  or  amongst  the  particles  of  water 
wliich  act  on  the  vane. 

Still  refening  to  the  case  to  often  supposed,  in  which  the  water 
glances  off  at  the  same  obliquity  with  which  it  first  glided  on  to 
the  vane  (Article  144,  Case  IL),  it  appeal's,  from  equations  12,  13, 
and  15  of  that  Article,  that  if  friction  were  insensible,  the  pressure, 
energy,  and  efficiency  due  to  reaction  would  be  simply  equal  to 
those  due  to  the  direct  action,  so  that  its  effect  would  be  to  doublo 
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each  of  these  qtuiDtities ;  and  it  appears  further,  from  Article  146, 
equations  2  and  3,  that  the  pressure,  energy,  and  efficiency  due  to 
reaction,  when  friction  is  considered,  are — 

p  __  D  Q  i  ^1  cos  <t  -  u  _     fci  coaa-uf+vl  sin*  a  )    ,g . 

i^dditional  efficiency — 

__2w(viCos«-w)       {viCos»-tcf      -  .  ,  ,_. 
-^, f"—^^ ^-/8m2« (8.) 

The  value  of  /,  in  the  case  of  Poncelet's  vanes,  for  which  «  is  a 
smal]  angle,  appears  to  be  nearly  =1.  It  is  not,  however,  to  bo 
taken  for  granted  that  it  has  the  same  value  for  vanes  of  other 
forms.  It  is  probable,  on  the  contrary,  that /depends  in  some  way 
on  the  angle  «,  becoming  smaller  as  «  approaches  a  right  angle,  and 
also  that  it  depends  on  the  figures  of  the  vanes;  but  experimental 
data  are  wanting  to  determine  the  law  of  such  dependence. 

1 48.    Elllcirncy  of  Vrrtirnl  Watrr  Whcrls  in  Gearral. — As  respectS 

the  laws  of  their  efficiency,  the  vertical  water  wheels  now  in  use 
belong  to  two  classes,  viz.,  —  Weight  and  impidse  wlieds,  com- 
prising overshot  and  breast  wheels ;  and  imputse  wheels ^  being 
undershot  wheels. 

I.    Weight  and  Tmpvlse  Wlieets. — Let  H  be  the  total  head,  and 
H,=(l-^)H, (1.) 

the  available  head  at  the  wheeh,  as  reduced  for  losses  of  head, 
accoi-ding  to  the  principles  of  Article  99.  This  available  head  is 
to  be  distinguished  into  two  parts,  as  follows  : — 

Hi  =  A+f;; (2.) 

—  being  that  portion  of  the  head  which  is  employed  in  giving  the 
2^ 

water  the  velocity  with  which  it  is  delivei-ed  to  the  wheel,  and  h 
the  height  through  which  the  water  acts  dii-ectly  on  the  wheel  by 
its  weight. 

Let  u  be  the  velocity  of  the  circumference  of  the  wheel.  Then 
the  total  energy  of  the  available  fall  per  second  is  composed  of  that 
due  to  action  by  weight,  D  Q  A,  and  that  due  to  direct  action  by 
ir.ipulse, 

g 
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and  of  that  energy  a  certain  fraction,  which  may  be  denoted  by  ld'\ 
is  lost  through  leakage  or  escape  of  water,  and  various  resistances 
which  can  only  be  ascertained  empirically ;  so  that  the  effective 
POWER  of  the  wheel  is 

and  its  effective  load,  reduced  to  its  ciixsumference, 

R.  =  (l-r)P  =  (l-F')DQ  {J+J!l£^}...(4.) 

The  value  of  1  -  A;"',  according  to  experiments  on  many  water 
wheels  made  and  recorded  by  Poncelet  and  Greneral  Morin,  ranges^ 
from  '74  to  *82,  and  is  on  an  average 

(1-^0  =  -78  nearly (H 

The  EFFICIENCY  of  the  wheel  is 

^  _^_^(i?^cos«— tt) 

1  -*"  =  (1  -n 5 — (6.) 

It  ranges  from  about  '66  to  '8  nearly. 

The  surface-velocity  u  of  the  wheel  is  fixed  by  considerations  of 
practical  convenience.  It  was  formerly  limited  to  3  feet  per  second, 
but  is  now  generally  6  feet  per  second,  or  thereabouts. 

The  velocity  of  supply  v^y  con*esponding  to  the  greatest  efficiency 
for  a  given  vsJue  of  ii,  is 

2u 

^1  =  .-;;^^ 


.(7.) 


and  the  corresponding  greatest  efficiency  of  the  wheel, 


-       t^COS^flt  w* 

1  -*•=(!  -*")  J_^^ (I  -*")—  I/— (8.) 


2  ^  g  cos* « 

IL  Impulse  wheeU  are  to  be  distinguished  into  those  without 
and  those  with  reaction.  The  old  Jlal-Jloated  undershot  whed,  shown 
in  fig.  53,  is  an  example  of  an  impulse  wheel  without  reaction. 
The  formulae  applicable  to  it  are  obtained  from  those  just  given, 
nniply  bv  making  A  =  0 ;  but  the  value  of  1  —  k"  for  it  is  only 
about  -66  or  "7,  so  that  its  greatest  efficiency  is  from  -33  to  *35. 


i 
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The  improved  undeinjhot  wheel,  or  ^'Pottce^M  wked^  is  an 
exAtnple  of  an  impulse  wheel  with  reaction.  The  principle  upon 
which  the  form  of  its  vanes  depends  has  been  given  in  Article  1 45,  and 
the  formulae  for  its  load,  its  work  per  second,  and  the  efficiency  of 
the  action  of  the  water  upon  it,  in  Ai*ticle  146,  supposing  k"  =  0. 
Taking,  as  in  Article  146,  the  co-efficient  of  friction /=  1,  and  multi- 
plying by  1  — ^"*  to  allow  for  leakage,  «kc,  we  find,  for  the  xrFSc- 
TIVE  LOAD,  POWER,  and  EFFICIENCY,  the  following  formulae : — 

Rj  =  D  Q  •  — •    I  (t,^  cos  «  —  u)  •  (5  tt  —  Vj  cos  «)  —  ^'J  •  sin?*  \ 

=.Dq^'\^zKUuv^co^»  —  bu^^v^ (9.) 

R,  n  ---  D  Q  •  i^—  («  uv^cm^  —  ou^-^i^  ....(10.) 

l-r=      ^^^,  =(l-r')(6l^cos.-5^-l)(ll.) 
D  Q  ii  1  vT  / 

The  value  of  1  —  k"\  by  the  experiments  of  Poucelet  and  General 
Moriu,  has  been  found  to  be  nearly  the  same  as  for  overshot  and 
breast  wheels; — that  is,  it  mnges  from  about  "75  to  "8,  and  is  on 
\\\  aveiuge  about — 

l-r-w8 (12.) 

'The  »}>€€d  ofyrmtent  efficiency  is,  as  stated  in  Article  146,  about— 

itj  = '6  r^  cos  «  ; (13.) 

and  then  equations  9,  10,  and  11,  become— 

E,.„-OD«'.<j|;^ij^>; (U.) 

R,t^»A  — r)  DQ^""'-  •  (lbcoH2*-lV (15.) 


I  l-^k"^    ^^i''^,  =.(l-F').  (l-8cos««— A (16). 

Taking,  ajt  in  tht*  exam])le  at  the  end  of  Ai-ticle  146,  cos*  «  «  '99, 
and  I  —  k'"  -  -7^^,  we  find  for  the  greatest  efficiency : — 
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•78  X -78= -608; 


Ifl— r=-75,  wehav^— 

•75  X -78  =-585; 

aiidif  i-.it-'=•8,— 
•8  X  -78  =  -624. 


....(17.) 


When  a  water  wheel  works  *^ drowned" — ^that  is,  wheii  the  tail 
race  is  flooded,  ao  as  to  immei'se  the  lower  part  of  the  wheel,  the 
factor  1 — k"'  is  reduced  to  about  0*6;  ao  that  the  effidertcy  of  a 
drovmed  wheel  is  about  three-quarters  of  tluU  of  a  wheel  not  drinoned. 

149.  Cte»ic«  •!-«  ciaM  of  wiieeL — Taking  the  efficiency  of  that 
|jart  of  the  &1I  which  acts  by  weight  on  a  weight-and-impulse 
wheel  at  0*8,  and  of  tliat  part  which  act«  by  impulse  at  0-4,  and 
the  efficiency  of  an  impulse  wheel  at  0  6,  it  is  evident  that  the 

weight-and-impulse   wheel   is   i     *^*^   \  efficient  tlian  the  impulse 

wheel,  according  as  the  jM)rtion  of  the  fall  «f  the  former  which  acts 

by  iuipulse  i»  ^    i         (   than  one-half     In  a  weight-and-impulse 

wheel,  alHO,  the  speed  of  the  wheel  shouhl  l>e  about  half  of  that  of 
the  water  when  supplied;  that  is,  should  be  due  to  alx)ut  one- 
quai-tcr  of  that  pai-t  of  the  fall  which  acts  by  impulse.     Tlierefore 

the  weight  and  impulse  wheel  is  <  >  efficient  than  the  impulse 

wheel,  according  as  the  height  due  tc»  the  surface  velocity  of  the 

wheel  is  <    i         >  than  one-eiyhth  of  the  whole  fall  at  tht  wheel. 

It  is  advisable  that  the  surface  velocity  of  a  water  wheel  shoidd 
not  W  less  than  6  feet  |xjr  secoutl.  Eight  times  the  hei<^ht  due  to 
this  velocity  is  about  4^  feet;  thei-efore  for  all  falls  not  exceeding 
this,  the  impul.se  wheel  is  certainly  the  best ;  and  the  gi'eattT  the 
required  surface  velocity,  the  higher  is  tlie  limit  of  fall  up  to  which 
the  impulse  wheel  is  supeiior. 

The  rule  now  laid  down  is  of  course  only  to  be  followed  when 
there  is  no  good  reason  for  deviating  from  it. 

Section  2. — Of  Oversiwt  aiid  Breast  WheeU. 

150.  arrnhst  »m^  Krc>a»t  Hkeelii  di»Ciiiffiil»ta«d. — In  Oixler  that 
a  wheel  may  be  a  breast  wheel,  it  must  be  provided  with  the  "bi-east" 
or  circular  trough  mentioned  in  Article  143,  for  diminishing  the 
spilling  of  water  from  the  buckets.  Although,  therefore,  the  term 
"overshot    wheel"    was    originaJlv    employed    to    designate    those 
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wheels  only  in  which  the  penstock  is  above  the  If^.o^  *.« J^ 
JtCwheJl,  so  as  to  shoot  the  water  over  the  w^eel  »t  «  d^rabk 
that  it  should  now  be  extended  to  every  bucket  wheel  whid,  re^ 
ceives  the  water  at  a  high  part  of  its  circumference,  and  is  not 

^T^tSt;  Sbreast  dej.nds  on  the  form  and  dimensions  of 
the  buckets;  and  its  presence  or  absence  does  not  affect  the  pnn- 
cmles  of  the  action  of  the  wheel.  .  •  i.-  _ 

^151  i>e..Hp.i.-  .f  .  B««.  wheei^The  following  descnption 
of  a  breast  wheel,  which  may  serve  as  a  type  of  the  entire  ch«  of 
ovewhot  and  breast   wheels,  is  extracted  from  a  paper  by  Mr. 

Fie.  69  is  a  sectional  plan  of  the  wheel,  on  a  8«ile  of  about  ^th 
*  of  the  real  dimensions.     Fig.  60  is  a  vertical 

section  perpendicular  to  the  axis  of  the  wheel, 
on  a  s(ile  of  rU,  and  fig.  61  is  an  enlarged 
vertical  section  of  some  of  the  buckets  and 
part  of  the  sole  plate.  The  wheel  shown  is  W 
feet  in  diameter,  the  greatest  available  fall 

being  48  feet.  .     ,  .  j»j 

The  shrouding  of  the  wheel  is  eiupended 
ftom  the  shaft  by  means  of  the  arms,  which 
are  slender  rods  of  wrought  iron,  in  this  «« 
from  U  inch  to  2  inches  in  diameter.  The 
weight  of  the  wheel  exclusive  of  the  water  m 
;re^bucket8,  lu^ngs  fr«m  the  shaft  by  tW. 
arms  which  point  obUquely  or  directly  do^ 
wards  at  the  time.  The  inner  ends  of  the 
arms  ate  inserted  into  sockets  in  a  <aBt  iron 
nave  or  boss,  and  are  fixed  and  puUed  t.gh 
by  means  of  cotters  or  wedges  Some  of  the 
a^,  marked  a,  are  perpendicular  to  the  shaj^ 
and  these  support  the  greater  I^?f  ^^ 
weight;  the  other  arms,  marked  6,  run  <iia 
gonaUy,  and  sei-ve  to  give  stiflfn^ 

The  weight  of  the  water  in  the  buckete  « 
borne  by  the  pinion  which  tmnsnuts  motion 

weight,  cost,  and  friction  of  large  water  wheels. 


BREAST  WHEEL. 
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A  is  the  shuttle  or  regulating  sluice,  which,  as  described  in  Article 
141,  is  a  moveable  overfall  delivering  water  over  its  upper  edge. 


Fig.  60. 

and  moved  by  means  of  a  rack  and  pinion,  whose  motions  are  con- 
trolled by  the  governor.  The  figure  of  the  sluice  is  that  of  a  portion 
of  a  cylinder  concentric  with  the  wheel ;  and  so  also  is  the  figure 
of  the  fix>nt  of  the  penstock.  The  water  is  delivered  into  the 
buckets  between  a  set  of  guide  blades,  like  the  bars  of  a  Venetian 
blind,  which  are  so  placed  as  to  cause  the  stream  to  glide  into  the 
buckets  without  striking  them. 

C  F  is  the  breast,  to  prevent  the  spilling  of  water  from  the 
buckets.     Its  figure  is  part  of  a  cylinder  concentric  with  the  wheel. 

The  breast,  front  of  the  penstock,  and  edges  of  the  guide  blades, 
are  all  situated  in  one  cylindrical  sui'face,  as  close  to  the  circum- 
ference of  wheel  as  is  pi'acticable  without  the  risk  of  actual  contact. 
About  0-4  inch  of  clearance  is  sufficient  for  that  purpose. 

At  the  point  F,  10  inches  back  fi-om  a  vertical  line  let  fall  from 
the  axis,  the  breast  terminates  with  a  sudden  drop  into  the  tail 
race  K  The  depth,  from  the  lower  edge  of  the  breast  to  the  bottom 
of  the  tail  race,  is  about  two  feet.  This  allows  the  buckets  to  clear 
themselves  rapidly  of  water  before  beginning  to  ascend,  and  lets 
the  tail  water  escape  easily,  without  too  much  loss  of  head. 
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In  fig.  61,  buckets  are  shown  with  a  close  sole  pbite,  and  a 

circular  air  -  passage 
between  the  sole 
plate  and  the  backs 
of  the  buckets,  hav- 
ing  an  air  hole  into 
^'8'  ?^-  ^'  ^*-  it  from  each  bucket 

for  the  discharge  of  air,  while  the  bucket  is  filling  with  water,  and 
the  re-admisaion  of  air  while  the  bucket  is  discharging  its  water. 
This  construction  is  suitable  for  wheels  which  are  liable  to  bo 
drowned  by  the  flooding  of  the  tail  race. 

Another  construction  of  vertical  bucket  is  shown  in  ^g.  62 ; 
the  sole  plate  being  dispensed  with,  and  each  bucket  having  an 
air-passage  behind  the  bucket  next  above,  opening  into  the  interior 
of  the  wlieel. 

The  present  mode  of  ventilating  buckets  was  introduced  by  Mr. 
Fairliairn. 

152.  Dinaiccrr  of  wim^i.— The  best  surface  velocity  for  an  ov<  i^ 
shot  or  bi*east  wheel  being  about  6  feet  per  second,  and  the  btvt 
velocity  for  the  water  supplied  to  it  being  about  double  of  that,  or 
12  feet  {)er  second,  which  is  due  to  a  fall  of  about  2^  feet,  it  follows 
that  the  summit  of  the  wheel,  if  it  is  to  receive  the  water  exactly 
on  the  top,  should  not  be  more  than  2^  feet  below  the  toj)-watei 
level  in  the  penstock.  The  bottom  of  the  wheel  should  just  clear 
the  water  in  the  tail  i-ace.  Therefore  the  diameter  of  the  wheel 
should  not  be  less  than 

TheavaUahkfaU—2\  feet; (1.) 

and  this  applies  to  overshot  wheels  not  ventilated. 

But  in  order  that  the  water  may  not  escape  through  the  air- 
passages  of  wheels  with  ventilated  buckets,  it  is  advisable  that  the 
water  should  be  fed  to  the  wheel  at  about  30°  below  the  summit ; 
that  is  to  say,  at  a  depth  of  about  '933,  or  1  -j-  1*072  of  the 
diameter  below  the  summit.  Therefore,  for  such  wheels,  it  is 
advisable  to  make  ifte  dianieUr  not  less  tlmn 

1072  X  (available  fall— 2^  feet); (2.) 

and  this  rule  will  answer  when  the  level  of  the  water  in  the  {)en- 
stock  is  not  subject  to  theJltictucUiona  a/ more  tium  abotU  a  fool. 

When  the  level  of  the  water  in  the  penstock  is  subject  to  greater 
fluctuations  than  this,  it  is  desirable,  in  order  to  facilitate  the  adjust- 
ment of  the  position  of  the  regulating  sluice  to  those  fluctuationa, 
that  the  wheel  should   receive  the   water  at  a  place  whei*ii   its 
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ebeuHifereiioe  is  more  nearly  vertical ;  that  is,  at  from  60''  to  90" 
below  the  summit;  so  that  the  diameter  should  be 

from  IJ  to  2  X  (available  fall— 2^  feet); (3.) 

These  rules  are  not  given  to  be  implicitly  followed,  but  only  to 
guide  the  engineer  when  there  are  no  other  circumstances  to  fix 
his  choice  of  a  diameter  for  the  wheel. 

153.  piMton  aadi  Cofced  iiih|i.  —  The  position  of  the  pinion 
should  be  such,  that  the  pUck-potntj  where  its  teeth  are  driven  by 
those  of  the  cogged  ring,  may  be  in  the  same  vertical  plane  pai*allel 
to  the  axis,  with  the  centre  of  gravity  of  the  mass  of  water 
contained  in  the  buckets. 

The  distance  of  the  centre  of  gravity  of  a  circular  arc  from  the. 
centre  of  the  circle  is  given  by  the  formula, 

Radius  x   chord 

length  of  arc     ' 

and  if  this  be  applied  to  an  arc  travei-aing  the  full  buckets,  midway 
between  the  sole  plate  and  the  outer  circumference  of  the  wheel, 
it  will  give  the  position  of  the  centre  of  gravity  of  the  descending 
water  very  nearly. 

It  would  be  desirable  that  there  should  be  a  pair  of  cogged  rings, 
one  at  each  side  of  the  wheel,  driving  a  pair  of  pinions,  in  order  to 
relieve  the  shaft  of  all  pressure  arising  from  the  weight  of  the 
water;  wei*e  it  not  that  it  has  been  found  im[X)ssible  in  practice  to- 
obtain  such  exact  fitting  of  the  two  rings  and  two  pinions  as  to 
insure  perfect  equality  of  prcssurc  and  smoothness  of  motion. 

154.  StrenKih  of  Gndseoaa. — The  gudgeons,  or  ends  of  the  wheel 
shaft  on  which  it  turns,  have  each  to  bear,  when  the  wheel  is  . 
unloaded  and  at  rest,  one-half  of  the  weight  of  the  wheel.  When 
the  wheel  is  loaded  and  in  motion,  the  gudgeon  neai-est  the  cogged 
ring  has  to  bear  half  the  weight  of  the  wheel  less  about  half  the 
weight  of  the  water,  and  the  gudgeon  farthest  from  the  cogged  ring, 
half  the  weight  of  the  wheel  added  to  about  half  the  weight  of  the 
water. 

Let  L  denote  the  greatest  actual  load  on  a  given  gudgeon  in 
jjounds;  then  if  its  length  is  frcm  five-sixths  of  its  diameter  to  about 
equal  to  its  diameter,  its  proper  diameter  in  inches  is  about 

/       s^~^  f 

^-    36-  '    ' 

155.  0treiisth  m€  Amis. — The  weight  is  supported  by  the  screral 
arms  which  point  directly  or  obliquely  downwards,  very  nearly  in 
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the  proportion  of  the  squares  of  the  cosines  of  their  inclinations  to 
the  vertical 

Let  if  then,  denote  the  inclination  of  any  one  arm  to  the  veiticai 
at  a  given  instant,  and 

2  •  cos*  % 

the  sum  of  the  squares  of  the  cosines  of  the  inclinations  to  the 
vertical  of  the  sevei-al  arms  which  point  downwards  at  the  given 
instant.     Also^  let  W  be  the  total  weight  to  be  supported     Then 

T  =  =r^^. (1.) 

2  •  cos*  I  ^    ^ 

is  the  gi*eatest  tension  on  any  radial  arm,  at  the  instant  when  it 
comes  in  its  turn  to  point  vertically  downwards;  and  allowing 
10,000  lbs.  on  the  square  inch  as  a  safe  working  tension  on  wrought 
iron  bars, 

T 
TpOO ^^'^ 

is  the  proi)er  sectional  area  for  each  radial  arm,  in  square  inchea 

Let  i'  denote  the  leaat  inclination  to  the  vei-tical  of  each  of  the 
oblique  arms ;  then  the  proper  sectional  area  for  each  of  them  is 

T^s«  t"  /o  V 

'10,000 ^  '^ 

156.  Speed  and  Dlnenal^as  of  ttbroadlas.  —  The  least  surface 
velocity  for  overshot  and  breast  wheels  is  about  6  feet  per  second. 
Deviations  from  that  velocity  may  be  made  for  particular  purposes ; 
but  it  is  seldom  desirable  to  go  below  4^  feet,  or  above  8  feet  per 
second.  The  depth  of  the  shrouding  or  ci-owns  between  which  the 
buckets  ai-e  contained,  i-anges  from  1  foot  to  1 J  foot,  its  most  usual 
value  beii)g  about  1^  foot.  Let  this  be  denoted  by  b.  It  is  also 
the  extreme  breadth  of  each  bucket,  measured  in  the  direction  of  a 
radius  of  the  wheel. 

Let  /  be  the  cletir  breadth  between  the  crowns,  being  also  the 
dear  letigtJi  of  each  bucket. 

Let  r  be  the  outside  radius  of  the  wheel ;  m,  as  before,  its  surface 
velocity. 

In  oixier  to  avoid  as  far  as  possible  the  waste  of  water  by  spilling 
from  the  buckets,  it  is  considered  that  only  about  two-thirds  of  the 
space  between  the  crowns,  on  the  loaded  arc  of  the  wheel,  ought  to 
be  tilled  with  water.  The  wheel,  then,  carries  down  water  at  the 
following  rate  per  second  (all  the  dimensions  being  in  ieet)  : — 
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Q  = 


;»»('-A>- 


(1) 


fix>m  which  we  deduce  the  foUowiug  formula  to  determine  the  clear 
breacUh  of  tohed,  or  length  of  bucket,  /,  when  Q,  u,  r,  and  6,  are 
given : — 


^«*0-2^)' 


.(2.) 


157.    Ficare  aad  I»lmenaloaa  of  Backets. — The  general   figura  of 

buckets  has  already  been  illustrated.  It  is  usual  to  make  the  dis- 
tance between  their  bottoms,  measured  along  the  sole  plate,  equal 
to  the  depth  of  the  shrouding  6. 

The  width  of  the  opening  between  the  lip  of  each  bucket  and  the 
front  of  the  bucket  next  above,  when  the  wheel  receives  the  water 

near  the  top,  may  be  made  =-pb;  but  the  lower  the  wheel  receives 

t) 

the  water,  the  wider  must  that  opening  be  made ;  and  as  a  genei-al 
rule,  when  the  inclination  to  the  horizon  of  the  wheel's  circum- 
ference at  the  place  where  it  receives  the  water  exceeds  24°,  the 
proper  width  is  about 

-  X  sin.  inclination. 


158.   GaMe  Blades  aadl  Bei^alatar. — As  ^dready  shown  in  fig.  63, 
the  water  is  supplied  to  the  wheel  between  a 
series  of  guide  blades. 

These  blades  are  from  three  to  four  inches 
apart,  and  their  lower  edges  come  within 
about  0*4  inch  of  the  wheel.  They  are  usually 
of  cast  iron,  about  three-eighths  of  an  inch  thick. 

Their  positions  are  determined  by  the  fol* 
lowing  method,  founded  on  the  principles  of 
Article  145: — 

In  fig.  63,  let  A  6  be  a  section  of  a  bucket, 
B  its  lip.  Draw  the  straight  line  £  D  H  a 
tangent  to  the  circumference  of  the  wheel; 
and  make  B  D  =  i^,  the  sm-face  velocity ;  and 
B  H  =  2  tc  Draw  D  L  pai-allel  to  a  tangent 
to  the  lip  of  the  bucket ;  diaw  H  C  perpen- 
dicular to  B  H,  cutting  D  L  in  C ;  join  B  C. 

Then  B  C  represents  the  best  velocity  v^  for  the  supply  of  water 
to  the  wheel  j  and  the  middle  outlet  between  the  series  of  guide 


Fig.  G3. 
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blades  is  to  be  placed  at  the  depth  below  the  topwater  level  in  the 
|)cn8tock  due  to  that  velocity,  viz. :  — 

f, <'■' 

Also,  .^^  H  B  C  will  be  the  proper  angle  for  the  guide  blade*  of 
the  middle  outlet  to  make  with  the  taogents  to  the  circumfenuico 
of  the  wheel  at  the  points  where  they  meet  it,  in  order  that  the 
water  may  glide  into  the  bucket  without  collision.  It  appears  that 
the  co-efficient  of  contraction  for  orifices  between  guide  blades  19 
about 

c  =  0-75; (2.) 

consequently,  the  total  area  of  the  outlets  rcquii'ed  for  the  flow  Q, 
is  given  approximately  by  the  formula, 

4Q 

^  =  3V <•'•) 

and  this  is  to  be  provided  by  having  a  sullicient  numWr  of  outlets 
before  and  behind  the  middle  outlet. 

The  positions  of  the  guide  blades  for  tht^se  outlets  are  foun<l  as 
follows  : — 

Take  the  depth  of  the  narrowest  jun-t  of  each  cmtlet  l)elow  the 
topwatt*r  level  of  the  linstock  ;  compute  the  velocity  due  to  that 
de})th  ;  from  B  lay  off  distances,  such  as  B  K,  B  L,  representing 
those  velocities,  so  as  to  find  a  series  of  |)ointH,  such  as  K,  L,  in  the 
line  D  C  L  ;  then  will  .^  H  B  K,  .^  H  B  L,  be  resjH^ctively  the 
proper  inclinations  to  tangents  to  the  w1uh»1,  for  the  guide  blades 
of  outlets  where  tlie  velocities  are  B  K,  B  L  ;  and  so  on  for  other 
guide  blades. 

The  formula  3  gives  a  total  ai*ea  of  outlet  luther  greater  than  is 
absolutely  neces.sary;  but  this  is  the  liest  side  to  en*  on,  as  any 
excess  of  outlet  can  Ihj  olose<l  by  the  regiUator. 

li<»Hides  computing  the  area  of  the  outl<*ts  betwtHjn  the  guide 
blades,  the  height  of  the  topwater  above  the  r<»gulator,  necessary  to 
give  the  required  flow  Q,  treating  the  regulator  as  an  overfall  with 
the  co-efticient  of  contraction  0-7,  should  be  computed  by  the  foi^ 
mula 


^-ay^ <'•) 


and  the  depth  of  the  upper  edge  of  the  lowest  guide  blade  below 

the  topwater  level  should  be  made  not  less  than  the  height  so  found. 

159.  VrraM-^Taii  Bii€#.— When  the  width  of  the  opening  of  the 

bucket  is  only  about  one-fourth  or  one-fifth  of  the  depth  of  the 
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shroiidingy  that  is,  wbeB  the  whael  receives  the  water  within  shout 
30^  of  the  top,  the  breast  is  unneoessary ;  but  for  greater  openings 
of  the  bucket,  it  is  required. 

The  tail  race,  according  to  Mr.  Fairbairn,  dioold  oomraenoe  at 
10  inches  behind  a  vertical  line  let  fall  from  the  axis,  and  should 
be  at  least  1^  foot  or  2  feet  deep  at  the  commencement. 

160.  The  mmektmej  is  found  by  the  formulie  of  Article  148, 
patting  for  •  the  angle  H  B  C  of  fig.  63. 

Ah  a  small  proportion  only  of  t^e  energy  exerted  by  the  water 
on  an  overshot  or  breast  wheel  is  due  to  impulse,  the  loss  of 
efficiency  by  moderate  deviations  from  the  best  surface  velocity  is 
but  smalL  Thus,  although  the  surface  velocity  of  greatest  effi- 
ciency is 

t\  cos  « 

that  velocity  may  vary  between  the  limits 

0-3  (I'j  cos  et)  and  0*7  {t\  cos  m) 

without  any  important  waste  of  energy. 

If  the  average  efficiency  of  overshot  and  breast  wheels,  designed 
and  constructed  in  the  best  manner,  be  estimated  at  0*75,  it  follows 
that  the  energy  of  the  available  fall,  from  the  penstock  to  the  tail 
race,  to  give  one  effective  horse-power,  is  on  an  average, 

33  000 
^  ^    =  44,000 ybo<-/55.  per  minute. 

161.  OTfnh«t  Wheel*  al  High  Spccda  {A.  J/.,  634).— In  a  few 
cases  of  not  very  ordinary  occurrence,  it  is  necessary  to  give  the 
wheel  so  great  a  speed  that  the  centrifugal  force  causes  a  sensible 
proportion  o£  the  water  to  be  spilt  from  the  buckets  during  their 
descent. 

In  fig.  64,  let  C  represent  the  axis  of  the  wheel, 
and  B  a  bucket.  Let  a  denote  the  angiUar  velocity 
of  the  wheel,  whose  value  is 

"  /I    v 

«  =  7 0.) 

Take  C  A  vertically  upwards  from  the  axis,  to  re- 
present, as  given  by  the  equation 


CA=^--=4  =  2-f-^ (2.) 


Fig.  64. 


where  n  is  the  number  of  revolutions  per  second.    Then  the  surfaos 
of  the  water  in  the  bucket  is  perpendicular  to  A  K 
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The  height  of  A  above  C  is  independent  of  every  ciix;umfftanoe 
except  the  time  of  revolution;  being,  in  fact,  the  height  of  a 
revolving  pendulum  which  revolves  in  the  same  time  with  Ibe 
wheel  (see  Article  19).  The  point  A  is  the  same  for  all  buckets 
carried  by  the  same  wheel  with  the  same  angular  velocity,  and  for 
all  points  in  the  surface  of  the  water  in  the  same  bucket,  whether 
nearer  to  or  farther  from  the  axis  C  ;  so  that  the  upper  suifacf  of 
the  water  in  each  bucket  is  pai-t  of  a  cylinder  described  about  an 
axis  traversing  A,  and  parallel  to  the  axis  of  the  wheel. 

By  drawing  a  vertical  section  of  the  circle  of  buckets  to  a  scale, 
finding  the  point  A,  and  describing  arcs  about  it  to  repi-esent  the 
BuxisLce  of  the  water  in  each  bucket,  the  waste  of  water  and  of 
energy  by  centrifugal  force  may  be  determined.  If  A  is  in  the  cir- 
cumterence  of  the  wheel,  no  water  can  enter  the  bucketa 

Section  3.-0/  Undershot  WlieeU. 

162.  DeMripti^n  •fa  p«nceiei  Wheel. — The  wheel  represented 
in  fig.  Q^  is  one  erected  in  England  by  Mr.  Faiibairn,  and  ia  of  the 


Fig.  66. 

best  design  in  every  respect  except  one,  viz.,  that  the  bottom  of  the 
wheel  race  is  straight,  instead  of  being  curved  in  a  manner  which 
will  be  described  in  Article  166. 

A  is  the  reservoir;  B,  the  wheel  race;  0,  the  I'egulating  sluice, 
held  against  the  pressure  of  the  water  by  jointed  links,  Glanced 
by  a  counterpoise,  and  moved  by  a  rack  and  pinion ;  D,  the  wheel, 
having  a  pair  of  crowns,  no  sole  plate,  and  a  series  of  curved  vanes ; 
E,  the  tail  race,  with  a  drop  into  it  from  the  end  of  the  wheel  race, 
as  for  a  breast  wheel 

163.  DiMMecer  •€  WkeeL — When  not  fixed  by  other  considera- 
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tions,  it  is  usual  to  make  the  diameter  of  the  wheel  about  double 
the  fall 

164.  The  i^eptb  >f  Shr«a4iaiK  ought  to  be  sufficient  to  prevent  the 
water  which  glides  up  the  vaues  from  overflowing  their  upper  edges ; 
because  in  order  to  produce  the  best  efficiency,  the  water  should 
all  glide  down  again,  and  glance  off  at  the  lower  edges  of  the  vanes. 

The  best  velocity  of  tlie  water  relatively  to  the  vanes  is  about 
0'4  of  the  velocity  of  supply  r^ ;  but  to  provide  for  the  contingency 
of  that  velocity  amounting  to  07  v^,  it  is  advisable  to  give  the 
shrouding  the  depth  due  to  0*7  v^;  that  is  to  say,  about  half  the 
depUi  from  Oie  topioater  levd  in  the  penstock  to  the  outlet  of  the  sluice, 

1 65.  The  Reyainting  Mnice  is  placed  as  close  as  possible  to  the 
wheel,  and  is  consequently  inclined.  The  co-efficient  of  contraction 
c  of  its  outlet  (as  already  stated.  Article  140),  is  from  0*74  to  0  8  ; 
therefore,  the  depth  of  its  opening  is  from  four-thirds  to  five-fourths 
of  the  depth  of  the  stream  which  issues  from  it 

The  greatest  depth  of  that  stream  should  not  exceed  about  one- 
fifth  of  the  depth  of  the  shrouding ;  therefore,  the  depth  of  opening 
of  the  sluice  for  the  mcucimum  flow  should  be  about  one-fourth  of 
the  depth  of  the  shrouding,  or  one-eighth  of  the  depth  of  the 
centre  of  the  orifice  below  the  topwater  level. 

Let  Q  be  the  greatest  flow  to  be  used,  in  cubic  feet  per  second ; 

/*',  the  depth  of  the  middle  of  the  orifice  below  topwater ; 

J,  the  depth  of  the  orifice ; 

/,  the  length  of  the  orifice,  or  breadth  of  the  opening  of  the  sluice; 
then 


cdv^      cdJ2gh'' 

§31  dimensions  being  in  feeu 

166.  The  Wkeei  Race  is  designed  as  follows  (see  fig.  66)  :— 
Draw  H  F  G  a  tangent  to  the  wheel,  with  a  declivity  of  one  in  ten. 
This  declivity  is  to  preserve  the  velocity  of  supply  Vj  undiminished. 

At  the  height  c  d  (Article  i      i 

165)   above  H  F  G,   draw  J^^M     I  I  ^         / 

K  L  to  represent  the  upper  r;^^^j^^'  \  \         '         / 

surface  of  the  stream,  meet-      "  "   ^^\    \  \^^  |  ^y/ 

ing  the  circumference  of  the  \  \  yJ^T^^ 

wheel  at  the  point  L.   Then  -•— -SR\£,^^y/ 1/  y 

make  the  section  of  the  bot-  " "  k"  -  "C^ag^yf  ^^*^^ 

torn  of  the  wheel  race  from  *'^j>'u  bl^*W— 

G  to  F  an  arc  of  a  circle,  [  ^ 

equal  to  G  L,  and  of  the  rw  aa  ' 

same  radius;    that  is,  the  "^ 

radius  of  the  wbeeL 
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From  G  to  E  the  wheel  race  is  foiined  so  as  to  dntr  tlie  wlieel 
by  about  0'4  inch. 

167.  The  SarOice  VeimeHj  of  the  wheel  for  the  greatest  effioiencj 
has  already  been  stated,  in  Article  146,  to  be 

«e^  =  *6  t^i  cos  • ^1.) 

In  this  e:c[Yre88ion  s  is  to  be  held  to  reprss^it  ihe  msan  an^e 

which  the  stream  makes  with  a  tangent  to  the  wheel,  which  is  very 

nearly 

1                 .     cd 
•  -arc.  veram.  — (2.) 

168.  TiiMM  wr  Floats. — As  to  the  number  of  vanes,  from  two  to 
three  in  the  length  of  the  arc  L  G  are  in  general  enough. 

The  determination  of  the  proper  form  for  those  vanes,  near  their 
outer  edges,  has  already  been  explained  in  Articles  145,  146.  They 
are  usually  curved  iu  a  circular  aix:,  so  tliat  their  inner  ends  are 
tangents  to  ludii  of  the  wheel 

169.  The  KflicieBcy  has  been  stated,  in  Aiiicle  148,  to  be  about 
06  when  the  wheel  is  not  drowned,  and  0-48  when  it  is  drowned. 
At  these  rates,  the  energy  of  the  available  fall  from  the  penstock 
to  the  tail  race,  for  each  effective  horse-power^  is 

Poot-lb9.  per  minute. 

For  the  undrowned  wheel, -~ —  =  55,ooo 

For  the  drowned  wheel, ^    •=  68,7'50 

0-48  "*^ 

170.  Wheel  In  aa  Open  Cnrreni.  — Wheels  of  this  class  are 
carried  by  boats  moored  in  a  rapid  current  Their  floats  are  usually 
plane  and  radial,  and  fixed  at  distances  apart  equal  to  their  length 
in  the  direction  of  a  ituiius. 

According  to  the  exjieriments  of  Poncelet,  the  foUowing  is  the 
useftil  work  per  second  of  such  a  wheel ;  v-^  being  the  velocity  of  the 
current ;  u,  that  of  the  centre  of  a  float ;  A,  the  area  of  a  float  iu 
square  feet ;  and  D,  the  weight  of  a  cubic  foot  of  water : — 

R  u=  0-8  ^^''^(^'i  "'')** 
9 

According  to  this  formula,  the  velocity  of  the  centres  of  the  floats 
for  the  greatest  efficiency  is  half  the  velocity  of  the  current ;  and 
the  efficiency  at  that  speed  is  0*4,  if  A  t?j  b**  taken  to  represent  the 
volume  of  water  acting  on  the  wheel  in  a  second. 
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CHAPTER  VI 

OF   TURBINES. 

Section  1. — General  Principles. 

171.  TarblBM  €S«Benill7  Described  and  ClaMcdi. — A  turbine  fs  a 
water  wheel  with  a  vertical  axis,  receiving  and  discharging  water 
in  various  directions  round  its  circumference.  The  wheel  consists 
of  a  drum  or  annular  passage,  containing  a  set  of  suitably  foi-med 
vofteSj  which  ai-e  curved  backwards  in  such  a  manner,  that  the 
water,  after  glancing  off  them,  is  left  behind  with  as  little  energy 
as  possible. 

Turbines  have  the  advantage  of  being  of  small  bulk  for  their 
power,  and  equally  efficient  for  the  highest  and  the  lowest  falls. 

The  supply  of  water  takes  place  either  directly  fi-om  a  reservoir, 
in  which  case  the  wheel  is  placed  close  to  a  suitable  opening  at  the 
bottom  of  the  i-eservoir,  or  through  a  supjJy  pipe  and  wheel  case. 
The  former  method  is  the  best  suited  to  modei-ate  falls,  the  latter 
to  very  high  falls. 

The  opening  through  which  the  water  is  delivered  to  the  wheel 
is  in  most  cases  furnished  with  guide  blades,  to  make  the  water 
arrive  at  the  wheel  in  the  direction  best  suited  to  drive  it  efficiently. 
Turbines  may  be  divided  into  thi-ee  classes,  according  to  the 
diiection  in  which  the  water  moves  l)efore  reaching  the  guide 
blades,  and  after  leaving  the  wheel,  viz.  :  — 

I.  Parallel  Flow  Turbines,  in  which  the  water  is  supplied  and 
discharged  in  a  current  parallel  to  the  axis. 

II.  Outward  Flow  Turhhies,  in  which  the  water  is  supplied  and 
discharged  in  currents  radiating  from  the  axis. 

III.  Inward  Flaw  Turbines,  in  which  the  water  is  supi)lied  and 
discharged  in  currents  converging  mdially  towai*ds  the  axis. 

Those  three  classes  of  turbines  differ  in  certain  details ;  but  there 
are  general  principles  which  are  applicable  to  them  all,  and  genei-al 
equations  which  are  adapted  to  any  one  of  them  merely  by  assigning 
suitable  values  to  cei-tain  symbols  in  them.  The  diagrams  which 
will  now  be  given  show  the  general  arrangement  of  the  princii>al 
fiartfl  of  each,  the  details  of  their  constniction  being  reserved  imtil 
Wter. 

Fig.   67  repi-eaents  a  iiarallel  flow  turbine.       A  is  the  supply 
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chamber,  being  an  annular  passage  through  the  bottom  of  the 
reseryoir,  which  contains  the  guide  blades ;  these  are  vertical  at 


Fiff.  69. 


Fig.  70. 


F.B.  71. 


their  upper  edges  :  the  form  and  position  of  their  lower  edges,  as 
shown  by  dotted  lines,  are  such  as  to  direct  the  water  in  several 
small  sti-eams  or  jets  obliquely  against  all  parts  of  the  circum- 
ference of  the  wheel  B.  The  wheel  B  consists  also  of  an  annular 
passage  l)etween  two  cylindrical  dinims,  containing  a  series  of  vanes, 
resembling  the  guide  blades  in  shape,  but  turned  with  their  lower 
edges  pointing  backwards. 

Fig.  68  shows  a  vertical  section  of  a  few  of  the  guide  blades  C, 
and  vanes  D. 

Fig.  69  is  a  horizontal  section  of  part  of  an  outward  flow  turbine  ; 
A  is  the  supply  chamber,  being  a  vertical  cylinder  with  a  ring  of 
openings  round  its  lower  end  ;  C  are  the  guide  blades  for  directing 
the  water  obliquely  forwards  as  it  rushes  out  of  these  openings ;  B 
is  the  wheel  surrounding  the  ring  of  openings,  and  consisting  of  a 
pair  of  crowns,  or  flat  rings,  with  a  series  of  curved  vanes  D  between 
them ;  these  vanes  are  radial  at  their  inner  edges,  and  directed  < 
obliquely  backwards  at  their  outer  edgea 

Fig.  70  represents  a  plan  of  one  form  of  the  rweUon  whed — a 
kind  of  outward  flow  turbine  without  guide  blades.  The  water  is 
conducted  by  a  vertical  supply  pipe  A  into  the  centre  of  a  rotating 
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hoUow  disc,  provided  with  two  or  three  hollow  arms,  which  dis- 
charge the  water  through  orifices  directed  backwards.  In  the 
figure,  the  hollow  disc,  and  its  two  arms  B  B,  are  shown  of  such  a 
form  as  to  leave  the  largest  possible  space  for  the  motion  of  the 
water  from  the  centre  of  the  disc  towards  the  circumference,  in 
order  to  avoid  friction,  and  for  other  reasons  which  will  afberwards 
appear.  C,  C,  are  the  orifice&  The  circumferences  of  the  arms 
B,  B,  here  perform  the  functions  of  vanes. 

Fig.  71  is  a  horizontal  section  of  an  inwa/rd  flow  iwbvne,  A  is 
the  supply  chamber ;  C,  one  of  the  guide  blades,  directing  the  water 
obliquely  forwards  against  the  wheel ;  B  is  the  whieel,  occupying  a 
central  space  surrounded  by  the  supply  chamber,  and  discharging 
the  water  through  openings  in  its  centre ;  it  consists  of  a  pair  of 
crowns  with  a  set  of  curved  vanes  D  between  them  :  these  vanes 
are  radial  at  their  outer  ends,  and  are  directed  obliquely  backwards 
at  their  inner  ends. 

In  treating  of  the  theory  of  the  efficiency  of  turbines,  it  will  be 
assumed  that  they  are  constructed  of  the  forms  and  proportions, 
and  worked  in  the  manner  most  favourable  to  efficiency,  according 
to  rules  which  will  presently  be  explained.  The  waste  of  power 
caused  by  deviations  from  those  rules  can  afterwards  be  allowed  for 
by  means  of  empirically-found  multiplier& 

172.  By  Telocity  •f  Plow  is  to  be  understood  the  velocity  of  that 
component  of  the  motion  of  the  water  by  which  it  is  carried 
towards,  through,  and  away  from  the  wheel ;  that  is,  the  com- 
ponent, whether  parallel  to  the  axis  or  radial,  which  is  at  right 
angles  to  the  motion  of  the  vanes. 

Let  A  denote  the  total  effective  sectional  area  in  square  feet  of 
the  orifices  through  which  the  water  passes,  whether  in  the  wheel, 
or  amongst  the  guide  blades,  as  measured  upon  a  sur&ce  perpen- 
dicular to  the  direction  of  the  flow;  that  is,  in  a  parallel  flow  tur- 
bine, on  a  plane  perpendicular  to  the  axis,  and  in  an  outward  or 
inward  radial  flow  turbine,  on  a  cylindrical  sur&ce  described  about 
theaxia 

Let  Q  be  the  volume  of  water  used  in  cubic  feet  per  second. 
Then 

Q-A (1.) 

is  the  velodly  of  flow. 

Inasmuch  as  sudden  changes  in  the  velocity  of  a  stream  are 
accompanied  with  waste  of  energy,  it  is  desirable  that  the  velocity 
of  flow  should  either  be  constant,  or  change  slowly  during  the 
passage  of  the  water  through  the  wheeL 

In  parallel  flow  turbines^  such  as  fig.  67,  the  velocity  of  flow 
would  be  made  constant,  if  the  vanes  were  insensibly  thin,  by 
wMtlrifig  the  drum,  or  annular  case  containing  the  vanes,  simply 

o 
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cylincUical;  but  owing  to  the  obliquity  of  the  vanes  at  their  lower 
edges,  they  occupy  more  of  the  passage  there  than  at  their  upper 
edges;  so  that  tlie  drum  has  to  be  made  to  spread  a  little  at  its 
lower  end,  as  will  be  shown  afterwards  in  the  detailed  figuie. 

In  radial  flow  turbines,  the 

uniformity  of  the  velocity  of  flow 

may  be  insured  by  Tnalfing  the 

veitical  section  of  the  drum  of 

^-,  the  wheel  of  the  shape  shown  in 

Z^ fig.  72  j  that  is  to  say,  let  O  X 

be  the  axis ;  O  It  a  radius  at  the 
middle  of  the  depth  of  the  wheel ; 
the  vertical  sections  M  N,  P  Q, 
of  the  rings  or  crowns  between 
^*^  ^^'  which  the  vanes  are  carried  are 

to  be  portions  of  hyperbolas  having  O  X  and  O  It  for  asymptotes; 
or  in  other  words,  the  depths  of  the  inside  and  outside  circum- 
ferences of  the  wheel,  M  P,  N  Q,  are  to  be  inversely  as  their  respec- 
tive radii. 

Out  of  the  available  head  h^  in  the  supply  chamber,  there  will  be 
expended  to  produce  the  velocity  of  flow,  when  that  changes 
gradually  or  not  at  all, 

2  (7  A? 

where  A,  denotes  the  sectional  area  of  the  stream  where  it  leavm 

the  wheel. 

173.  ToiMity  of  whirL — Let  V  denote  the  whirling  or  tangenHeU 

component  of  the   velocity  with   which  the  water  issues  from 

between  the  guide  blades  and  arrives  upon  the  wheel.     This  is  the 

velocity  which  would  be  computed  by  dividing  Q  by  the  sum  of  the 

eflective  areas  of  the  openings  between  the  guide  blades,  as  measured 

upon  the  planes  marked  E  E  in  fig.  68.     It  is  evident  that  the 

velocity  of  flow  has  the  following  value  in  terms  of  this  iniiial  veUh 

city  o/iMrl: — 

Q            FE            ^  ... 

-  =  ..g^  =  „.tan.; (1.) 

»  =  ..^  F  G  E  being  the  inclination  of  the  guide  blades  to  the 
direction  of  the  whirling  motion. 

The  ordinary  values  of  »  range  from  22^  to  35^  in  different 
examples;  and  about  30^  may  be  taken  as  an  average  value. 

In  order  that  the  water  may  work  to  the  best  advantage,  it 
should  enter  the  wheel  without  shock,  and  leave  it  without  whirl* 
ing  motion;   for  which  purpose,  the  velocity  of  whirl,  on  first 


r,. (3-) 


.(2.) 
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entering  the  wheel,  should  be  equal  to  that  of  the  first  circum* 
ference  of  the  wheel,  and  the  velocity  of  whirl  relatively  to  the  wheels 
on  leaying  the  wheel,  should  be  equal  and  contrary  to  that  of  the 
second  circumference  of  the  wheel. 

Gonsequentlj,  the  ratio  of  the  latter  of  these  velocities  (w)  to  the 
former  {v)  should  be  that  of  the  radius  of  the  discharging  side  of 
the  wheel  to  the  radius  of  the  receiving  side.  Let  n  denote  that 
ratio;  then  to  z=nv;  in  which, 

for  a  parallel  flow  turbine,  w  =  1 
for  an  outward  flow  turbine,  n  z^  1 
for  an  inward  flow  turbine,    n  .^^  1 

and  if  the  drum  is  made  of  that  figure  which  causes  the  velocity  of 
flow  to  be  uniform,  the  angle  /S  =  .^^  H  L  K  in  fig.  ^%y  which  the 
hinder  edges  of  the  vanes  make  with  a  tangent  to  ^e  wheel,  should 
have  the  value  given  by  the  eqiiation 

.       ^      HK      tan*  ,« , 

tan  /5  r=  .=^  = : (3.) 

HL  «  ^   ' 

and  as  H  L  =  n  *  E  G,  this  formula  is  equivalent  to  the  follow* 

iug: —  

H  K  =  E  F (3  A.) 

174.  BflcteBcy  wiuioni  Friction. — The  following  investigation 
has  reference  to  the  case  in  which  the  supply  of  water  is  sufficient 
to  fill  the  orifices  and  channels.  Reference  will  be  made  in  it  to 
the  principle  of  the  equality  o/angiUa/r  impulse  and  a/ngular  rruymenr 
Uj/m — a  consequence  of  the  second  law  of  motion,  which  will  now 
be  explained  {A,  M,,  560,  561,  562), 

Let  a  body  whose  weight  is  W  move  with  a  velocity  V  in  a  given 
direction  relatively  to  a  point  C ;  let  r  denote  the  length  of  a  per- 
pendicular let  fall  from  C  upon  a  tangent  to  the  path  of  the  body 
"Wb  motion. 

Then  the  amguUvr  momentum  of  W  relatively  to  0  means  the 
quantity 

W  Yr 

9 

Let  M  denote  the  momeirU  of  a  couple  of  equal  and  opposite,  but 
not  directly  opposed,  forces ;  that  is,  the  product  of  their  common 
nuignitude  into  their  arm  or  lever,  which  is  the  perpendicular  dis- 
tance between  the  lines  along  which  they  act 

The  angular  impulae  of  such  a  couple  meansi  the  product  of  its 
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moment  into  the  time  during  which  it  acts.  To  produce  a  given 
change  in  the  angular  momentum  of  a  body,  an  equal  angulaz 
impulse  is  required — ^a  principle  expressed  by  the  equation 

Mdt~'d(Y  r) (1.) 

To  apply  this  to  the  action  of  water  on  a  turbine,  the  weight  of 
water  acting  in  a  second  (D  Q)  is  to  be  ascertained;  when  the 
moment  of  the  couple  exei-ted  between  it  and  the  wheel  will  be 
measured  simply  by  the  change  which  its  angular  momentum 
undergoes  in  passing  through  the  wheel. 

The  product  of  that  couple  into  the  angular  velocity  of  the  wheel 
a  is  the  energy  exerted  by  the  water  on  the  wheel  in  a  seoomd 
(Article  5). 

I.  ComjnUcUion  of  the  Energy  Exerted  by  the  WcUer  on  the  WheeL 
— Let  r  be  the  radius  of  the  wheel  where  it  receives  the  water. 
(For  parallel  flow  turbines,  the  mea/n  radius  may  be  taken.)  Then 
n  r  is  its  radius  where  it  discharges  the  water,  and  a  r,  and  nar, 
are  its  two  surface  velocities. 

Then,  the  velocity  of  whirl  of  the  water  when  it  enters  the 
wheel  being  v,  its  initial  angular  momentum  'per  second  is 

DQvr 

and  as  the  velocity  of  whirl  of  the  water  when  it  leaves  the  wheel, 
as  determined  by  the  conditions  of  Article  173,  ia 

w  a  r  —  to  =  n  (a  r  —  i;), 
viA  final  cmgvlaT  momentum  per  second  is 
D(in^{ar-v)r 
9  ' 

the  difference  between  these  quantities,  being  the  moment  of  the 
eouple  exerted  between  the  water  and  the  wheel,  is 

^^jjQ.(L±«a*I:i^«lf. (2_j 

and  the  energy  exerted  per  second  by  the  water  on  the  wheel  is 

M  a  =  D  Q  •  {^+^')<^^r-^n^a^r^ ^^  ^ 

The  fiictor  by  which  D  Q  is  multiplied  in  equation  3  is  th» 
effectwe  head,  neglecting  friction. 
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IL  CamjmUUion  of  t^ts  Energy  Expended, — This  calculation  is 
best  made  bj  finding  the  head  required  to  produce  the  various 
-velocities  that  are  given  to  the  water. 

To  produce  the  final  velocity  of  flew  n  v  tan  /3,  there  is  required 
the  head 

n2t?2tanM-^25r. 

To  produce  the  initial  velocity  of  whirl  v,  there  is  required  the 
head 

To  produce  the  reversed  relative  velocity  ot  whirl  with  which  the 
water  leaves  the  wheel,  to  =  nv,  there  \a  requii'ed  the  head 

7j2  ^  ^  2  ^ ; 

and  to  balance  centrifugal  force,  the  head 

a2r2(l-7i2)^2^, 

i  negative  \        i  outward  flow  \ 

which  is    <  nothing  >  for  <  parallel  flow  >  turbineSi 

I  positive  j         (  inward  flow  j 

Putting  these  quantities  of  head  together,  we  And  for  the  head 
in  the  supply  chamber, 

^  =  ^l(l+w2  +  w2tan«/3)t;«  +  (l-n2)a2^l;...(4.) 

for  the  energy  expended  at  the  wheel,  per  second, 

DQAiJ (5.) 

and  for  the  efficiency  (neglecting  friction). 

Ma    _           2{l'\'n^)avr-2n^a^r^ 
D  Q  ^  ""  (1  4-  n2  +  n2  tan2  /3)  t?2  +  (l  _  n^)  a^  ^ V^.) 

The  above  are  general  expressions  for  all  turbines  with  guide 
blade&     For  parallel  flow  turbines,  they  become 

Ai  =  J-(2  +  tan2^)t^; (7.) 

Mct    _^  4 a t; r  —  2 a* r2 
STQ^i  "    (2  +  tan2/S)i;2  ^^'f 

By  the  aid  of  equation  4,  v  can  be  expressed  in  terms  of  h^  and 
a  r,  so  as  to  transform  equations  6  and  8,  as  follows :  — 
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J2gh^^-{l-n')^ ,jv 

VH-n2  +  ««taii*iS 


ar 
Let    1-5 — j-  =  *.  then. 


Ma       2(1 


which,  when  n=  I,  becomes 

Ma  4« 


Jl+n«  +  »«tan«/3  ^     ' 


The  efficiency  of  the  i*eaction  wheel  is  a  special  case,  which  will 
be  considered  in  Article  176. 

175.  Tkfi  OrMiiMt  Bflcicncy  wiih«nt  Friction  is  attained,  as  haa 
been  stated  in  Article  173,  when 


.(1.) 


Substituting  this  value  of  v  in  equation  4  of  the  last  Article,  we 
dnd 

A,=  (2i-n2tan«/3)-47; (^O 

and,  consequently,  the  surface  velocity  of  the  wheel,  where  it  re- 
ceives the  water,  should  be 

-  =  \/(2l^t.) (»•) 

80  that  in  equations  10  and  11, 


«  = 


^2+w2tan2  3 
The  efficiency  corresponding  to  this  speed  is 
Ma  2 


DQA^     2  +  n2tan2/3 


=  2««, (4.) 


showing  that  the  only  enei^  lost  is  that  due  to  the  final  velocity 
of  flow,  n  V  tan  ^  =  nar  tan  fi. 

The  following  table  shows  some  values  of  the  best  speed  as  com- 
pared  with  the  speed  due  to  the  whole  available  head,  and  of  the 
greatest  efficiency,  neglecting  friction,  for  a  few  values  of  the 
obliquity  ff  of  the  vanes,  and  on  different  suppositions  as  to  the 
value  of  n : — 
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for 

(8 
for 

/9 
for 

1 

ntan/$. 

Si 

Ma 

••=  ^3. 

»=1. 

DQAi 

'*1 

: 

30° 

36° 

•364 

•685 

•93 

is-j 

'K 

43' 

•466 

•672 

•90 

aa". 

30' 

49" 

•577 

•655 

•86 

26"] 

■ 

35° 

54°i 

700 

•634 

•80 

SA 


The  proportion  n=  J  2ia  tosubI  in  outward  flow  turbines,  suoh 

as  Fonmeyron's;  n  =  ~  is  usual  in  inward  flow  turbines,  such  aa 

Thomson's  vortex  wheel 

The  case  of  n  =  1,  /S  =  30°,  is  very  nearly  that  of  Fontaine's 
parallel  flow  turbines.  Theory  gives,  as  the  above  table  shows,  for 
the  best  velocity  of  the  wheel,  at  the  middle  of  the  ling  of  vanes. 


ar='e55J2ghi,. 
The  experiments  of  General  Morin  give 


.(5.) 


and  ihe  agreement  is  as  dose  as  can  be  expected. 

176.  The  B«actt«n  Wb«ei  is  equivalent  to  an  outward  flow  tur- 
bine in  which  /9  =  0,  r  =  0,  «  =  0;  while  forn r  is  to  be  substituted 
f^,  the  radius  from  the  axis  to  the  centres  of  the  orifices ;  forn  v  is 
to  be  put  w,  its  original  symbol ;  forn  «  is  to  be  substituted 


af  = 


af" 


Then  for  the  velocity  of  outflow  of  the  water  from  the  orifices^ 

we  have  

«?=  J2gh^  +  a^7^=  JT+^'J2gh,i (1.) 

and  for  the  efficiency,  neglecting  friction, 

.^^= ?^_ (2) 

This  expreaaion  increases  towards  the  limit  1,  or  perfect  efficiency, 
88  ai  increases  without  limit ;  so  that  if  there  were  no  friction,  the 
efficiency  of  a  reaction  wheel  would  have  no  maximum,  but  would 
increase  towards  unily  as  the  velocity  increased  without  limit. 

177.  Bfldoicr  •€  TmrblBM,  AUowtag  ter  FrictloM. — I.    Fa/raUd 

Flow  ^w6ww.— The  fact  stated  in  Article  175,  that  the  best 
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actual  speed  of  these  turbines  is  the  same  with  that  calculated  in 
the  supposition  that  there  is  no  friction^  shows  that  the  loss  of 
energy  by  friction  may  be  allowed  for  by  multiplying  by  a  constant 
factor,  less  than  unity. 

From  the  experiments  of  Greneral  Morin  and  othei-s,  it  appears 
that  the  value  of  that  £Bix;tor  is  nearly  the  same  as  for  the  best  over- 
shot and  undershot  wheels ;  that  is  to  say,  (1  -  k"")  =  from  -75  to  -8, 
with  an  average  value  of  about  'TS. 

If  we  multiply  the  efficiencies  in  the  table  of  Article  175,  corre- 
sponding to  n  =  1,  ^  =  25"",  and  SO"*,  we  find  the  following  results, 
which  agree  well  with  experiment : — 


fi 

3«* 

75 

•78 

25° 

•90 

■67s 

•703 

3o» 

•86 

•64s 

•671 

•8 

72    )  resultani 

•688  J  efficiency. 

II.  Inwarrd  Flow  Turbines. — In  these  turbines,  the  co-efficient 
(1  "k")  appears  to  be  about  the  same  as  for  parallel  flow  turbines  ; 

which,  for  fi  =  36**,  n  =  -,  gives,  as  the  average  resultant  efficien<^, 

about  '73 — a  conclusion  confirmed  by  practical  experience. 

III.  (hUwa/rd  Flow  Tu/rbines,  which  generally  work  drowned, 
lose  in  overcoming  fluid  friction  a  quantity  of  work  per  second, 
which  has  been  shown  by  Poncelet,  and  by  General  Morin,  to  be 
proportional  to  the  volume  of  flow,  and  to  the  height  due  to  the 
velocity  of  the  outer  circumference  of  the  wheel.  That  velocity 
being  denoted  hj  nar -nz  J  2 gh^,  the  loss  of  work  per  second 
by  friction  is 

/DQ'^^/jyQn^z^h^; (1.) 

being  the  fraction /n*  a*  of  the  energy  expended. 

/is  a  co-efficient  of  friction,  whose  value,  as  deduced  from  experi- 
ments by  General  Morin,  is  nearly 

/=  0-26. 

This  cause  of  loss  of  work  not  only  diminishes  the  efficiency  of 
the  turbine,  but  diminishes  very  considerably  the  speed  of  greatest 
efficiency. 

Subtracting  /n*  «*  from  equation  10  of  Article  174,  we  find  for 
the  actual  efficiency  of  an  outward  flow  turbine,  at  any  given 
velocity  a  r  =  «  ^  2  ^  Aj  of  its  inner  periphery,  the  value 
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The  following  are  the  results  of  inyestigatmg  the  conditioiui 
wMch  make  this  quantity  a  maximum  : — 
Let  <i^r  =  ZiJ2gh^het]ie  best  speed. 
For  brevity's  sake,  let 

Then 

and  the  greatest  efSciency  is  given  by  the  foimnla 

^B  a  numerical  example  and  verification  of  these  formulc^  tha 
case  may  be  taken  of  a  Foumeyron's  turbine,  for  which 

n*  =  2  nearly; 
/=  0-26; 

«*  tan*  ^  =  K  nearly. 

Using  these  data,  we  find  U  =  3*16,  and,  consequently, 


*i=  J -215  =464;) 
U«f  =  -68;         j' 


.(«•) 


Efficiency, 

results  which  exactly  agi'ee  with  those  of  experiment. 

IV.  Beadian  Wlieel. — If  we  assume  that  this  wheel  is  resisted  in 
the  same  manner  with  an  outward  flow  turbine,  and  denote,  as  in 
Article  176^  the  ratio  of  the  speed  of  the  orifice  to  that  due  to  the 
available  head  by  z',  and  the  best  value  of  that  ratio  by  ^^^  we  find, 
for  the  efficiency  in  general, 

WQ^  =  TTJTT^--^'  ' ^'-^ 

which  being  made  a  maximum,  gives 

_.       ■    /(2+/-s/T2+/)«-4> 
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M,at       2+/ IJi+fY-k .3,) 

DQAi~  2  ^ 

From  experiments  by  Professor  Weisbach,  it  appears,  that  the 
greatest  efficiency  of  a  good  reaction  wheel  is 

#i-^  =  •«««' (*•) 

which  value  being  substdtuted  in  equation  3,  gives  for  the  00-ejfficient 
of  friction 

/='166; (5.) 

and  for  the  ratio  of  the  best  speed  of  the  orifices  to  that  due  to  the 
available  fall, 

s^4  =  -894 (6.) 

This  result  is  confirmed  by  general  experience  of  the  working  of 
these  wheels,  ficom  which  it  appears  that  the  best  velocity  for  the 
orifices  is  very  nearly  equal  to  that  due  to  the  available  fell,  and 
the  greatest  efficiency  about  §. 

178.  T«iiime  •€  Ftow  wmd  sise  •€  OrMcM.  —  In  Article  174, 
equation  9,  an  expression  is  given  for  the  whirling  or  tangential 
component  of  the  velocity  of  flow  through  the  openings  between  the 
guide  blades ;  from  which  are  deduced  the  following  expressions  for 
the  toted  velocities,  through  the  openings  between  flie  guide  blades, 
and  through  the  openings  between  the  vanes  of  the  wheel  respec- 
tively j  in  which,  Q  being  as  before  the  volume  of  flow  per  second, 
the  joint  area  of  the  corUraded  dream  in  the  former  set  of  openings 
is  denoted  by  Op  and  that  in  the  latter  set  by  O,  :— 

^^  =  .sec-  =  sec-V2.A,.^l^- ;...(!.) 

^^^nv^,  =  ^^^J2gh,^     J^l  +  n^.sec^i     (^•> 
For  reaction  wheds, 

^^  =  u,=.j2fk,-jTf^ (2  a.) 

The  formulse 

serve  to  determine  the  eflective  areas  of  inlet  and  outlet  requimi 
to  employ  to  the  best  advantage  a  given  flow  of  water  in  a  given 
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▼heel,  -with  a  given  available  fall  and  speed,  the  speed  being  that 
of  greatest  eifidenoy,  computed  as  in  Articles  175  and  177. 

The  co-^fiderU  of  <xmtr(iction  for  the  inlets  and  outlets  of  turbines 
ranges  from  *85  to  '95,  and  is  about  '9  on  an  average ;  so  that  the 
actual  openings  are  to  be  made  one-nirUh  la/rger  than  those  given  by 
the  eqiuUions. 

179.  BActeMcr   ■•  alEBCled    hj    Begalator. — The  flow   of  water 

through  a  turbine  is  controlled  by  a  regulating  valve,  of  which 
different  kinds  will  afterwards  be  described. 

In  parallel  flow  and  outward  flow  turbines,  the  regulator  usually 
oonsiBts  of  a  set  of  slide  valves  applied  to  the  orSoes  of  supply 
between  the  guide  blades. 

In  the  best  form  of  reaction  wheel,  known  as  Whitelaw  and 
Stirrat*8,  the  regulator  consists  of  slide  valves  applied  to  the  orifices 
at  the  ends  of  the  arms. 

In  Thom8on*s  inward  flow  turbine,  the  regulator  consists  of  the 
guide  blades  themselves,  which  turn  about  axes  near  their  inner 
ends,  so  as  to  be  set  at  any  required  angle  u  to  the  circumference 
of  the  wheel 

The  preceding  investigations  and  statements  of  efficiency  have 
reference  to  the  case  in  which  the  passages  of  supply  are  uninter- 
rupted, or  nearly  so.  Their  partial  closing  by  slide  valves  causes 
loss  of  energy  through  sudden  contractions  and  expansions  of  the 
stream. 

The  following  are  average  values  of  the  reductions  of  efficiency 
produced  by  partial  closing  of  the  supply  passages  by  slide  valves  :^ 

Ratio  of  the  actual  opening  )  1     2    2 
to  the  full  opening, jQ     5    2 

Batio  of  the  diminished  effi- 
ciency to  the  maximum 
efficiency, 

Such  diminutions  of  efficiency  do  not  occur  where  the  flow  is 
regulated  by  varying  the  orifices  of  discharge,  or  by  varying  the 
inclination  of  the  guide  blades. 

Section  2. — Description  of  Vanious  Turbines. 

180.  Fvataine**  Tovbtae,  a  parallel  flow  turbine,  the  invention  of 
M.  Fontaine-Baron,  is  illustrated  by  fig.  73,  which  is  a  vertical 
diametral  section,  and  by  fig.  74,  wluch  is  a  vertical  section  by  a 
cylindrical  8ur£eu3e  traversing  the  guide  blades  and  vanes,  like  that 
given  in  an  elementaiy  form  in  fig.  68. 

A  18  the  tank  or  reservoir,  in  the  bottom  of  which  is  the  ring- 


)  1     2    5 
j2     3    6" 
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shaped  cast  iron  passage  B,  containing  the  guide  blades  c,  and  regu- 
lating sluice  valves  cL     There  are  as  many  sluices  as  guide  blades. 


Fig.  78. 

each  guide  blade  having  a  sluice  sliding  vertically  behind  it  The 
backs  of  the  sluices  are  rounded,  so  as  to  make  the  contraction  and 
deflection  of  the  stream  gradual  Each  sluice  is  hung  by  a  rod  6 
from  the  iron  ring  a,  which  is  raised  and  lowered  by  means  of 
three  rods  marked  c,  so  as  to  raise,  lower,  or  close,  the  whole  of  the 
sluices  at  once. 

C  is  the  drum  or  annular  passage  of  the  wheel,  containing  the 
vanes  /.  E  is  a  disc,  by  which  the  drum  is  carried.  The  disc, 
drum,  and  vanes,  may  all  be  cast  in  one  piece. 

F  F  is  the  hollow  vertical  shaft  of  the  wheel,  at  the  top  of  which 
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is  the  pivot,  supported  upon  the  top  of  the  fixed  vertical  spindle  G, 
which  rises  from  the  bottom  of  the  tail  race  within  the  hollow 
shaft     The  object  of  this  is  to  facilitate  the  oiling  of  the  pivot. 

The  dimensions  and  proportions  of  turbines  of  this  class  may  be 
varied  to  suit  different  circumstances ;  nevertheless  the  following 
are  given  as  being  usual  in  piactice,  on  the  authority  of  General 
Moiin : — 

«,  obliquity  of  the  guide  blades, 22°  to  25®. 

/3,  obliquity  of  the  vanes, 20°  to  30®. 

Breadth  of  ring-shaped  passages — 

=  from  tV  to  tt  of  mean  diameter  of  wheel. 

Least  depths  of  openings  between  guide  blades,  and  between 
vanes,  from  2^  inches  to  6  inches. 

Depth  of  drum  of  wheel  =  depth  of  openings  x  2. 

As  to  the  work,  efficiency,  best  speed, 
and  volume  of  flow,  see  Articles  172, 
173,  174,  175,  177,  Division  I.,  178. 

The  speed  may  deviate  from  the  best 
speed  to  the  extent  of  one  quarter, 
without  materially  diminishing  the  effi- 
ciency. As  to  the  effect  of  the  sluices, 
see  Article  179. 

To  avoid  the  diminution  of  efficiency 
by  the  lowering  of  the  sluices,  cUmble 
turbines  have  been  used,  consisting  of  a 
pair  of  concentric  wheels  made  in  one 
piece,  supplied  with  water  by  a  similar 
pair  of  concentric  annular  supply  pas- 
sages. Each  of  those  passages  has  its 
own  set  of  sluices,  himg  from  an  indepen- 
dent ring;  so  that  either  division  of  the 
double  wheel  can  have  its  supply  of  water 
cut  off  at  pleasure.  Thus  the  power  of 
the  turbine  can  be  varied  in  a  proportion 
exceeding  that  of  two  to  one,  without 
the  necessity  for  employing  very  contracted  orifices,  and  conse* 
qnently  wasting  energy. 

181.   SmmmVm^  mr  K^ecMIn**  TnrblBe,  the  invention  of  M.  Jonval,. 

and  made  by  Messrs.  Koechlin  <fe  Co.,  resembles  Fontaine's  turbine, 
with  the  wheel  working  in  a  vertical  suction  pipe  (Article  105) 
in  which  the  pressure  is  below  that  of  the  atmosphere.  Thi» 
enables  the  wheel  to  be  placed  at  any  convenient  elevation  not 
exceeding  the  head  univalent  to  one  atmosphere,  above  the  level 


Fig.  74. 
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of  the  surface  of  the  tail  race,  without  incurring  (as  would  be  the 
case  in  the  absence  of  the  suction  pipe)  a  loss  of  head  equal  to  the 
drop  from  the  bottom  of  the  wheel  to  the  water  level  of  the  tail  race. 

182.  FonraeyroB**  Tnrbiiic,  one  of  the  earliest  and  best  known 
of  turbines  with  guide  blades,  is  an  outward  flaw  turbine.  The 
average  ratio  of  the  outer  to  the  inner  radius  of  the  wheel  ia 
n=z  J  2,  and  the  depth  of  the  wheel  is  about  equal  to,  or  a  little 
greater  than  the  breadth  of  the  crowns. 

An  example  is  represented  in  figs.  75,  76,  of  which  tig.  75  is  a 
vertical  section,  and  fig.  76  a  sectional  plan  of  the  wheel  and  supply 
cylinder,  showing  the  form  and  arrangement  of  the  guide  blades 
and  vanes. 


Fig.  76. 

A  is  the  tank  or  penstock ;  B,  the  supply  cylinder.  This  is  the 
arrangement  for  moderate  falls;  for  very  high  falls,  the  water  may 
be  brought  down  from  a  reservoir  to  the  supply  cylinder  by  a  pipe, 
whose  resistance  must  be  allowed  for  in  determining  the  available 
ML 
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The  cylinder  B  consists  of  two  concentric  tubes :  the  upper  is  fixed : 
the  lower  slides  within  it  like  the  inner  tube  of  a  telescope^  and  is 
raised  and  lowered  by  means  of  the 
rods  h.  Near  the  upper  edge  of  the 
inner  tube  is  a  leather  collar,  to  make 
the  joint  between  it  and  the  outer 
tube  water-tight.  The  lower  part  a 
of  the  inner  tube  acts  as  a  regulating 
sluice  for  all  the  orifices  at  once.  It 
has  fixed  to  its  internal  sur&ce 
wooden  blocks,  so  shaped  as  to  round 
off  the  turns  in  the  course  of  the 
water  towards  the  orifices. 

The  bottom  of  the  supply  cylinder 
is  formed  by  a  fixed  disc  C,  which  is 
supported  by  hanging  at  the  lower  ^8-  ^^• 

end  of  a  fixed  vertical  tube  enclosing  the  shaft.     This  disc  carries 
the  guide  blades. 

D  are  the  vanes  of  the  wheel.  In  the  example  shown,  the 
passages  between  the  vanes  are  divided  into  three  sets,  or  horizontal 
layers,  by  two  intermediate  crowns  or  horizontal  ring-shaped  parti- 
tions. The  object  of  this  is  to  secure  that  the  passages  shall  be 
filled  by  the  stream  at  three  different  elevations  of  the  sluice,  and 
80  to  diminish  the  loss  of  efBciency  which  occurs  when  the  opening 
of  the  sluice  is  smalL 

E  is  the  disc  of  the  wheel ;  F,  its  shaft ;  G,  the  tail  race. 

The  pivot  at  the  lower  end  of  the  shaft  is  supplied  with  oil 
through  a  small  tube  seen  in  the  figure,  which  is  laid  down  one 
side  and  along  the  bottom  of  the  tail  race,  and  rises  directly  below 
the  pivot 

K  H  is  a  lever  which  supports  the  step  of  the  pivot,  and  is  itself 
supported  by  fixed  bearings  at  K,  and  by  a  rod,  L,  which  can  be 
raic^  or  lowered  by  a  screw,  so  as  to  adjust  the  wheel  to  the 
proper  level 

183.  Tavtoas  Oatward  Flaw  Tnrblaes. — An  impi*OVement  in  the 
regulating  apparatus  of  Foiuneyron's  turbine,  introduced  by  Mr. 
Reidtenbacher,  is  to  vary  the  supply  openings  when  required,  by 
raising  or  lowering  the  disc  C  which  carries  the  guide  blades,  by 
means  of  a  screw  at  the  top  of  the  tube  to  which  it  is  fixed.  This 
dispenses  with  the  necessity  for  an  internal  sliding  cylinder  within 
the  fixed  supply  cylinder. 

Another  modification  of  the  regulating  apparatus  of  Foumeyron*8 

turbine,  by  M.  Gallon,  is  to  make  the  sliding  vertical  tubular 

sluice  in  several  s^^ents,  which  can  be  opened  or  shut  s^)arately. 

To  prevent  the  drowning  of  Foumeyron's  turbine,  M-  Girard 
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added  to  it  a  bell,  or  fixed  vertical  cylinder  with  the  mouth  down- 
wards, which  dips  into  the  tail  race,  and  within  which  the  wheel 
works.  A  sufficient  quantity  of  air  is  enclosed  in  the  bell  to  keep 
the  surface  of  the  water  within  it  below  the  level  of  the  wheel ; 
and  the  gradual  loss  of  this  air  by  leakage  and  diffusion  in  the 
water  is  supplied  by  means  of  a  small  forcing  pump.  It  is  of 
course  the  level  of  the  w^ater  in  the  tail  race  cviMt  the  bell,  that 
is  to  be  taken  into  account  in  estimating  the  available  head. 

It  is  probable  that  the  effect  of  this  may  be  to  make  the  best 
inMA'VwrfoM  speed  a^  r,  and  the  maximum  efficiency,  the  same  as  for 
parallel  flow  turbines,  viz. : — 

a,r  =  z,j2jh,=  sf2^'  -^====-; (1.) 

DQ/ri-^*^^^-^  >  =  2  +  n2tan«/3' t^') 

1  —  k"'  being  from  '75  to  '8,  and  on  an  average  about  'TS. 

184.  BcacUon  Wheels. — This  class  of  wheels,  of  which  the  theoiy 
has  been  given  in  Aiiiicles  176,  177,  Division  III.,  and  178, 
comprehends  all  twrbinea  vrUhout  gwde  Uadea,  of  which  a  great 
variety  have  been  contrived  and  used.  The  earliest  form,  well 
known  as  "  Barker's  Mill,"  discharged  the  water  fit)m  orifices  in 
the  ends  of  straight  tubular  arms  projecting  from  a  hollow  shaft 
The  friction  of  the  water  in  the  arms  caused  considerable  loss  of 
energy.  Tubular  arms,  curved  in  various  ways,  were  afterwards 
employed ;  but  it  is  obvious  that  in  any  curved  arm  the  friction 
must  be  greater  than  in  a  straight  arm  of  the  same  diameter.  The 
best  form  is  one  more  or  less  resembling  fig.  70 ;  that  is,  a  hollow 
disc,  with  projections  leading  the  water  to  nozzles  of  a  form 
approximating  to  that  of  the  contracted  vein.  In  the  figure  there 
are  two  nozzles ;  but  three  are  better  calculated  to  insure  steady 
motion,  provided  they  are  exactly  similar  and  equaL 

The  best  mode  of  regulating  the  flow  is  that  introduced  by 
Messrs.  Whitelaw  and  Stirrat,  of  having  the  regulating  valves  at 
the  orifices  of  discharge.  This  insures  nearly  equal  efficiency  at  all 
openings  of  the  orifices. 

The  best  mode  of  making  the  water-tight  joint  between  the 
supply  pipe  and  disc  is  that  sketched  in  fig.  77.  A  is  the  supply 
pipe ;  B,  the  wheel,  or  hollow  disc ;  C,  the  vertical  shaft ;  D,  the 
neck  of  the  wheel  through  which  it  receives  the  water.  Near  the 
end  of  the  neck  is  an  annular  recess  containing  a  cupped  leather 
collar,  within  which  fits  a  tube  E.  The  outer  edge  of  this  tube, 
scraped  to  a  true  plane,  is  pressed  by  the  pressure  of  the  water  over 
the  equal  area  of  the  inner  edge,  against  the  truly  plane  surface  of 
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Fig.  77. 


the  flange  F  of  the  supply  pipe,  upon  which  flange  it  turns  round| 
making  a  good  joint  with  very  little  friction. 

Another  form  of  this  arrangement 
<x>nsist8  in  haidng  the  annular  recess 
and  collar  within  which  the  tube  E 
fits,  at  the  end  of  the  supply  pipe,  and 
the  flange  against  which  the  outer 
edge  of  the  tube  presses,  at  the  end  of 
the  neck  of  the  wheeL 

To  diminish  as  much  as  possible  the 
fiiction  and  wear  of  pivots  or  other 
bearings,  the  vertical  shaft  should  be 
loaded  with  a  weight  sufficient  to 
balance  the  pressure  of  the  water  on 
the  area  of  the  openings  of  the  neck 
of  the  wheel,  or  of  the  supply  pipe, 
whichever  is  the  greater. 

Another  mode  of  balancing  the 
pressure  is  that  devised  by  Mr. 
Kedtenbacher,  who  has  in  some  cases  employed  a  vertical  outward 
flow  double  turbine,  consisting  of  a  pair  of  reaction  wheels  at  the 
two  ends  of  one  horizontal  shtdt,  supplied  from  the  same  interme- 
diate horizontal  supply  cylinder,  to  which  the  water  is  introduced 
by  a  pipe  at  one  side.  This  construction  is  suitable  to  high  falls, 
and  possesses  a  further  advantage  in  the  fact  that  the  shaft  rests  on 
horizontal  journals  and  bearings,  which  ai*e  more  easily  kept  in  order 
than  pivots. 

l8o,    ThoMMM's    Turbine,    or    Tortex    Wheel. — This  wheel,   the 

invention  of  Professor  James  Thomson  of  Queen's  College,  Belfast, 
is  the  only  example  yet  in  use  of  the  imoa^d  flow  turbine,  whose 
general  theory  has  been  explained  in  Section  1  of  the  present 
Chapter. 

The  following  do5)cription  is  for  the  most  part  extracted  from  a 
paper  by  the  inventor  in  the  Report  of  the  Meeting  of  the  British 
Association  in  1852. 

There  is  a  diflerence  in  the  construction  of  this  turbine  for  high 
and  for  low  falls,  analogous  to  that  which  is  found  in  Foumeyron's 
turbine ;  that  is  to  say,  for  low  falls  the  supply  chamber  may  be  an 
open  tank ;  while  for  high  f&Ua  it  must  generally  be  a  closed  vessel, 
supplied  by  a  pipe  from  an  elevated  reservoir.  Fig.  78  is  a  vertical 
section,  and  fig.  79  a  horizontal  section  and  plan  of  a  high  pressure 
vortex  wheel,  for  a  fiill  of  about  thirty-seven  feet  The  dimensions 
of  these  figures  are  ^  of  the  real  dimensions ;  a  diagram  of  part  of 
the  wheel  on  a  somewhat  larger  scale  is  added,  to  show  the  form  of 

the  vanea 

p 
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A  A  is  the  wheel,  B  its  shaft.     The  wheel  occupies  the  wheel 
chcmiberj  which  is  the  central  part  of  the  upper  division  of  a  strong 


Fi-.  78. 

cast  iron  case  C  C.  The  lower  division  D  D  of  that  case  is  called 
the  sitpply  chamber;  it  i-eceives  the  water  from  the  supply  pipe  E, 
and  delivers  it  through  four  large  openings  marked  F,  into  the 
gui€le  blade  chomher^  which  is  the  outer  part  of  the  upper  division 
of  the  case.  There  are  four  guide  blades  marked  G ;  the  figure  of 
each  of  them,  near  the  wheel,  is  nearly  that  of  a  quadrant  of  the 
same  radius  with  the  wheel ,  beyond  the  quadrantal  portion  they 
are  sometimes  straight,  and  sometimes  curved  the  reverse  way. 
The  four  openings  marked  H,  between  the  guide  blades,  regulate, 
by  their  area  (O^,  Article  178),  the  volume  of  water  supplied  per 
second,  and  consequently  the  power  of  l^e  wheel  To  vary  these 
openings,  the  guide  blades  ara  moveable  about  gudgeons  near  their 
|)oint8,  seen  as  small  circles  in  fig.  79  *  these  gudgeons  are  sunk  in 
the  roof  and  floor  of  the  chamber,  and  do  not  impede  the  flow  of 
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the  water.     The  guide  blades  are  connected  by  a  set  of  levers  and 
link   with  a  spindle  K,  bj  turning  which,  they  can  all  four  be 


Kg.  79. 

shifted  at  once,  so  as  to  make  any  required  angle  {»)  with  the  cir- 
cumference of  the  wheel.  (The  advantages  of  this  mode  of  regula- 
tion have  already  been  stated  in  Article  179.) 

The  water,  siter  passing  through  the  passages  between  the 
vanee  of  the  wheel,  is  delivered  into  the  central  opening  of  the 
wheel,  as  nearly  as  possible  without  any  whirling  motion  left;  it 
then  escapes  at  once  upwards  and  downwards  through  the  two 
outlets  of  that  opening.  L  L  are  two  pieces  called  joint  ringSf 
fitted  to  those  central  outlets,  and  adjusted  by  means  of  studs  and 
nuts,  so  as  to  come  as  close  to  the  wheel  as  is  possible  without 
rubbing  against  it,  in  order  to  prevent  leaking  of  water  between 
the  wheel  and  its  case. 

The  lower  end  of  the  shaft  passes  through  an  oil-tight  stuffing 
box  into  the  pivot  box  M,  and  terminates  in  an  inverted  cup,  con- 
taining a  concave  brass  disc,  which  rests  on  the  convex  top  of  a 
fixed  steel  pin.  The  pin  is  fixed  in  a  bridge  N,  and  is  capable  of 
being  set  to  the  proper  level  by  means  of  a  cross  bridge  O,  with 
adjusting  screws.  The  cup  of  the  pivot  is  supplied  with  oil  through 
a  small  pipe  sunk  in  a  groove  in  the  shaft  B. 
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Mr.  Thomson  states  in  a  note,  that  he  has  found  that  the  pivots 
last  well  without  oil,  by  simply  admitting  the  free  access  of  the 
water.  Of  late,  lignum- vitse,  set  endwise,  and  kept  constantly  wet, 
has  been  found  a  good  material  for  the  bearings  of  such  pivots. 

Four  vertical  tie  bolts,  marked  P,  tie  the  top  and  bottom  of  the 
case  together,  to  enable  it  to  resist  the  pressure  of  the  water. 

The  value  of  the  ratio  n  of  the  internal  to  the  external  radius,  in 
those  turbines,  is  usually  ^  ;  that  of  the  obliquity  of  the  inner  ends 
of  the  vanes  /),  ranges  from  30^  to  45^  Applying  the  formula  of 
Articles  175  and  177  to  these  data,  and  assuming  the  loss  of 
energy  by  friction  to  be  one-fifbh,  so  that  1  —  k"  =  *d,  we  find  the 
averaire  eflSciency  to  be  about  '75. 

DQH 

As  D  Q  H  is  the  energy  of  the  fall  (see  Art.  93),  and  -  ^      is 

the  horse-power  (1),  and  since  Q  =  A  v  (A  being  area  in  square 

feet),  and  as  H  =  ^,  and  v,  therefore,  =  8>v^H,  we  may  write 

(1)  as  follows ;—  „  ^  -  ,,       8  D  A  Ht 

^  ^  Horse-power  of  fall  =  — ^r — . 

When  applying  this  to  a  turbine, 
we  find  that  (as  in  other  forms  of 
prime  movers)  only  a  proportion  of 
the  whole  can  be  utilised  as  useful 
work.  The  turbine,  when  working 
"  full  gate,"  gives  fully  80  per  cent  of 
the  whole  work  as  useful  work;  and 
at  t,  I,  or  other  proportion  of  gate  the 
efficiency  is  usually  less,  depending, 
however,  on  the  form  of  the  turbine. 
One  cause  of  decrease  of  efficiency 
when  working  at  less  than  full  gate 
is,  that  the  vanes  or  buckets  are 
not  properly  filled.  As  in  many 
cases  turbines  may  have  to  work 
for  a  time  with  reduced  quantity 
of  water,  those  whose  efficiency  is 
least  affected  by  such  reduction  have 
^  ^^  ^^^"  a  great  advantage. 

The  following  rule  gives  the  horse-power  of  some  of  the  most 
efficient  forms  of  turbine  when  working  at  full  gate : — 


Horse-power  — 


670 


where  d  is  the   diameter  of  wheel  in 


inches,  and  H  fall  of  water  in  feet 

Fig.  79a  shows  one  of  the  most  recent  forms,  the  "  Hercules  " 
turbine,  as  made  by  Messrs.  TurnbulL 
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OP   FLUID-ON-FLUID  IMPULSE  ENGINES. 

186.  Mutr^dma^rj  BzpiaiMCi^Bii. — In  the  engines  to  whicL  the 
present  Chapter  relates,  motion  against  resistance  is  produced  in  one 
portion  of  fluid  by  the  direct  impulse  of  another  portion  of  fluid,  the 
driven  portion  of  the  fluid  doing  the  duty  of  a  float  board,  or  vane. 

Such  machines  may  be  divid^  into  two  classes — 
I.  Those  in  which  the  energy  of  a  mass  of  liquid  descending 
from  a  small  height  is  made  to  raise  a  small  portion  of  that  mass  to 
a  greater  height :  this  class  consists  of  the  "  Hydravlic  Ram^ 

IL  Those  in  which  a  stream  of  fluid  moving  at  flrst  with  a  certain 
velocity,  drives  and  carries  along  with  it  an  additional  stream,  the 
two  streams  Anally  mingling  and  moving  together  with  a  velocity 
less  than  that  of  the  driving  stream.  This  class  comprehends  the 
jet  pump,  the  water  blower,  the  blast  pipe,  and  the  injector. 

187.  Hy*r««Uc  Bnni — This  machine,  a  well  known  invention  of 
Montgolfier's,  is  used  where  a  considerable  flow  of  water  with  a 
moderate  fall  is  available,  to  raise  a  small  portion  of  that  flow  to  a 
height  exceeding  that  of  the  falL 

To  supply  it  with  water,  a 
weir  is  to  be  erected  across  a 
stream,  so  as  to  form  a  pond,  as 
if  for  a  water  wheel.  From  the 
lower  part  of  that  pond  comes 
the  supply  pipe  A,  fig.  80.  In 
the  course  of  that  pipe  is  the 
waste  valve  chamber  B,  contain- 
ing a  conical  clack  which  opens 
downwards,  and  which  is  large 
enough  to  let  the  flow  of  the 
supply  pipe  pass  without  con- 
traction. D  is  the  tail  race,  for 
carrying  away  the  water  which  escapes  from  the  waste  valve. 

At  the  end  of  the  supply  pipe  is  a  small  air  vessel  C,  for  diminish- 
ing the  violence  of  shocks. 

E  are  clacks  opening  from  the  supply  pipe  into  the  larger  and 
outer  air  vessel  F,  from  the  bottom  of  which  the  discharge  pipe  is 
seen  to  rise,  for  the  purpose  of  conveying  a  certain  portion  of  the 
water  to  the  required  elevation. 
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Fig.  80. 
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A  small  relief  clack  opens  from  a  passage  communicating  with 
the  external  air,  into  the  inner  air  vessel.  When  the  quantity  of 
air  in  that  vessel  becomes  deficient,  periods  occur  in  the  course  of 
the  action  of  the  machine,  when  the  pressure  within  the  vessel  fidla 
below  that  of  the  atmosphere ;  and  then  the  relief  clack  admits  a 
small  quantity  of  air,  to  supply  the  loss  caused  by  its  diffusion  in 
the  water. 

The  following  is  the  mode  of  operation  of  the  hydraulic  lum  : — 

Suppose  the  waste  clack  to  have  been  shut,  by  pressure  from 
withm,  and  to  fall  suddenly  open,  owing  to  the  diminution  of  that 
pressure.  The  water  begins  to  flow  from  the  reservoir  through  the 
supply  pipe  and  out  at  the  waste  clack,  with  a  gradually  increasing 
velocity.  At  length  that  velocity  reaches  a  maximum,  being  the 
velocity  of  steady  flow  which  the  head  in  the  pond  is  capable  of 
maintaining  through  the  supply  pipe  and  its  outlet  The  weight 
and  load  of  the  waste  clack  are  so  adjusted,  that  the  impulse  of  the 
current  upon  it  with  this  velocity  raises  it,  and  causes  it  suddenly 
to  shul 

Thus  the  current  through  the  supply  pipe  is  abruptly  checked. 
The  water  between  the  reservoir  and  the  waste  clack  still  tends  to 
advance,  by  its  momentum,  and  compresses  the  water  between  the 
waste  clack  chamber  and  the  air  vessels,  and  the  air  in  the  smaller 
air  vessel  In  an  inappreciably  short  time  the  pressure  becomes  a 
little  more  intense  than  that  in  the  outer  air  vessel ;  that  is,  than 
the  pressure  due  to  the  height  to  which  a  portion  of  the  water  is  to 
be  lifted.  Then  the  clacks  E  open,  and  water  passes  into  the  air 
vessel  against  the  higher  pressure,  and  thence  up  the  dlBcharge  pipe, 
until  the  energy  of  the  mass  of  water  in  the  supply  pipe  is  so  far 
expended,  that  its  pressure  can  no  longer  keep  the  clacks  £  open, 
nor  the  waste  clack  shut.  Then  the  clacks  £  shut,  the  waste  clack 
opens,  and  the  operation  bedns  anew. 

The  following  are  rules  given  by  Eytelwein  as  the  results  of  his 
experiments : — 

Let  Q  be  the  whole  supply  of  water  in  cubic  feet  per  second,  of 
which  q  is  lifted  to  the  height  h  above  the  pond,  and  Q  -  ^  runs  to 
waste  at  the  depth  H  below  the  pond; 

L,  the  length  of  the  supply  pipe,  fram  the  pond  to  the  waste  clack ; 

D,  its  diameter  in  feet;  then 

h 


D=  V0'^3Q);  L  =  H  +  A  +  gx2feet;)  ^^ . 

volume  of  air-vessel  =  volume  of  feed-pipe; ) 

Efficiency,  tq  5"T  H  ^  ^ *^^  ~  ^'^\/  W  ^^®^  H  ^^'  ^^*  i     (2  ) 

exceed  20;) 
or,  1  +  f  1  +  rQu)  nearly,  when  ~^  does  not  exceed  12 (2a.) 
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187  A.  Jet  PwH|^ — This  machine  works  by  means  of  the  tendency 
of  a  stream  or  jet  of  fluid  to  drive  or  carry  contiguous  particles  of 
fluid  along  with  it.  The  general  nature  of  its  construction  is  repre- 
sented by  fig.  81.  A  is  the  jet  pipe,  by  which  a  sufficient  supply  of 
water  is  brought  from  an  elevated  source ;  B  b  the  suction  pipe,  by 
which  another  portion  of  water  is  drawn 
from  a  low  level  G  is  the  contracted 
throat  of  the  passage,  at  or  a  little  behind 
which  is  the  nozzle  of  the  jet ;  D  is  the 
trumpet-mouthed  spout  in  which  the  jet 
mingles  with  the  stream  from  below, 
carries  it  forward,  and  causes  a  diminu- 
tion  of  pressure  behind  the  nozzle,  and  in 
the  suction  pipe,  sufficient  to  make  the 
water  rise.  ^'^'  ®^ 

Contrivances  depending  on  the  same  principle  with  this  machine 
have  long  been  known ;  but  the  water  jet  pump,  in  its  present 
form,  was  invented  by  Professor  James  Thomson,  and  first  described 
in  the  Report  of  the  British  Association  for  1852.  In  the  report 
of  that  body  for  1853,  Mr.  Thomson  published  the  results  of  some 
experiments  on  a  small  scale  as  to  the  efficiency  of  the  jet  pump. 
The  greatest  efficiency  was  found  to  take  place  when  the  depth 
from  which  the  water  was  drawn  by  the  suction  pipe  was  about 
tdne-tentha  of  the  height  from  which  the  water  fell  to  form  the  jet ; 
the  flow  up  the  suction  pipe  being  in  that  case  about  (yMrfifik  of 
that  of  the  jet,  and  the  efficiency,  consequently. 

This  is  but  a  low  efficiency;  but  it  is  probable  that  it  may  be 
increased  by  improvements  in  the  proportions  of  the  machine. 

The  WATER  BLOWER,  in  which  a  shower  of  water,  fsJling  in  drops 

within  a  vertical  cylinder  with  holes  in  its  sides,  carries  a  current 

of  air  down  with  it,  which  is  expelled  through  a  nozzle  near  the 

bottom  of  the  cylinder,  is  a  machine  on  the  same  principle  with  the 

Jet  pomp.     Its  efficiency  is  said  to  be  about  0*15, 

The  BLAST  PIPE,  the  most  important  of  Geoi^  Stephenson's  im- 
provements in  the  locomotive  engine,  is  an  example  of  the  same 
£nd  oi  action,  which  will  be  mentioned  again  in  its  proper  place  : 
flo  Also  is  Mr.  Gumey's  steam  jet  ventilator  for  mines. 
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CHAPTER  VUL 

OF  WINDMILLS. 

188.  cieB«nil  OcMrtpUM. — The  energy  of  the  wind,  in  driring 
a  windmill,  is  exerted  upon  a  wheel,  or  fan,  consisting  of  four  or 
five  vanes  caUed  saila,  radiating  ^m  a  horizontal  or  slightly 
inclined  shaft  called  the  loind  shaji,  which  is  kept  always  turned 
endwise  towards  the  wind. 

The  inclination  of  the  wind  shaft  to  the  horizon  is  from  5°  to  15®; 
its  object  is  to  make  the  sails  revolve  clear  of  the  tower  or  other 
building  which  contains  the  mill. 

There  are  two  methods  of  enabling  the  wheel  always  to  face  the 
wind.  In  a  "  past  miU,''  the  whole  machine,  with  its  framework 
and  casing,  turns  upon  a  pivot  on  the  top  of  a  vertical  poet,  and  is 
shifted  when  the  wind  changes,  by  means  of  a  long  horizontal  lever. 
Ill  a  " Unoer  mill"  or  " srnw^  miU"  there  is  a  fixed  tower  with  a 
rotating  cap;  the  cap  supports  the  wind  shaft,  and  is  turned  to  the 
quarter  from  which  the  wind  blows,  by  apparatus  which  is  some- 
times controlled  by  hand,  but  ofbener  self-acting.  The  remainder 
of  the  mechanism  is  supported  by  a  stationary  hame. 

The  obliquity  of  a  windmill  sail,  or  the  angle  which  it  makes 
with  its  plane  of  revolution,  is  called  its  toecUher. 

Fig.  82  is  a  front  view  of  the  frame  or  skeleton  of  a  common 
windmill  saiL  C  is  the  end  of  the  wind  shaft,  from  1^  foot  to  2 
feet  square,  if  of  wood ;  from  6  inches  to  9  inches  in  diameter,  if  of 
iron.  0  A  B  is  the  arm,  or  whip,  of  one  of  the  sails,  usually  from 
30  feet  to  40  feet  long,  8  inches  to  10  inches  square  at  the  inner 
end,  and  about  |  of  these  dimensions  at  the  outer  end.  From  A  D 
to  B  £  are  the  oara  of  the  sail — slender  wooden  rods,  from  15  to  18 
inches  apart  A  B  is  the  leading  or  foremost  edge  of  the  sail, 
which  in  the  present  example  lies  along  the  whip  itself:  in  some 
sails,  a  small  portion,  called  the  leading  bM,  extends  before  the 
whip. 

Fig.  83  shows  the  frame  of  the  sail,  as  seen  ecbeways ;  fig.  84  ia 
m  diagram  of  the  sail,  as  seen  endways,  in  wUch  0  P  and  O  Q  show 
the  positions  of  the  bars  at  the  top  and  at  the  inner  end  of  the  sail 
respectively :  these  two  figures  Show  how  the  wecUKer  gradually 
diminishes  from  the  inner  end  of  the  sail  to  the  tip,  for  reasons 
which  will  appear  in  the  next  Article. 
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The  leading  sail,  when  there  is  one,  is  usually  covered  with  thin 
boarda  ;  the  mam  body  of  the  saQ,  either  with  canvas,  or  with  a 
number  of  narrow  boards  called 
valvesy  capable  of  being  adjusted  ^^''H 

to  difRsrent  angles,  in  a  manner     q/*        \ 
to  be  afterwards  described 

189.  Cl€«cnl  Principles.— The 
reduction  of  the  art  of  designing 
windmills  to  general  principles 
is  almost  wholly  due  to  an 
experimental  investigation  by 
Smeaton,  communicated  to  the 
Royal  Society  in  1759,  and  re- 
published in  Tredgold*s  Tracts 
en  Hydraulics. 

The  general  principles  esta- 
blished by  Smeaton  are  to  a 
certain  extent  capable  of  being 
expressed  by  a  proper  adapta- 
tion of  the  foi-mulse  of  Article 

144,  Case  V.,  equations  49  to 

15 — a  term  being  subtracted  to 

represent  loss  of  energy  by  fric- 
tion between  the  air  and  the 

sail,  as  follows  : — 

Let  D  denote  the  weight  of  a 

cubic  foot  of  air ; 

Q,  the  volume  of  air  which 

acts  on  the  sail,  or  part  of  a 

sail,    under    consideration,    in 

cubic  feet  per  second ; 
Vy  the  velocity  of  the  wind,  in 

feet  per  second 
If  «  be  taken  to  represent  the 

sectional  area  of  the  cylinder, 

or  annular    cylinder  of   wind 

through  which  the  sail,  or  part 

of  a  enil,  in  question  sweeps  in 


Fig.  83. 


Fig.  82. 


the  course  of  its  revolution,  we  may  put 

Q  =  cvs; (1.) 

where  e  is  a  co-efficient  to  be  found  empirically. 

As  it  is  difficult,  if  not  impossible,  in  the  present  state  of  our 
knowledge,  to  distinguish  between  that  factor  in  the  power  of  a 
windmill  which  depends  on  the  quantity  of  wind  that  acts  upon  it^ 
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and  that  factor  which  expresses  the  diminution  of  efficiency  by  the 
friction  ofth^  shaft,  it  is  best  to  make  the  co-efficient  c,  in  the  above 
equation,  comprehend  the  allowance  for  that  friction  :  and  this 
being  understood,  it  appears  from  experiinental  data  by  Smeaton, 
to  be  afterwards  referred  to,  that  for  a  windmill  with  four  sails 
proportioned  in  the  best  manner,  if  8  be  taken  for  the  sectional  area 
of  the  whole  cylinder  of  wind  in  which  the  wheel  rotates, 

0  =  0-75  nearly (2.) 

The  friction  of  the  air  will  be  separately  allowed  for. 

Let  ^  denote  the  weather  of  the  sail ;  then  because  the  direction 
of  motion  of  each  point  in  the  sail  is  perpendicular  to  that  of  the 
wind,  we  must  make,  in  the  foimulae  of  Article  144, 

X  =  90®  —  ^,  and  cos  J  =  sin  f. 

Consider  a  narrow  band  of  a  sail  at  a  given  distance  from  the 
axis,  and  let  u  be  its  velocity. 

The  whole  velocity  of  the  wind  relatively  to  this  band  \&  Jv^  +  u^; 
and  as  it  is  probable  that  the  energy  lost  through  the  friction  of 
the  air  is  propoHional  to  the  square  of  that  velocity,  we  may  put 
for  that  lost  energy,  per  pound  of  the  ading  stream  cfwind, 

f^f « 

/being  a  co-efficient  of  friction,  to  be  found  empirically. 

From  data  by  Smeaton,  to  be  afterwards  referred  to,  it  appears 
that  the  probable  value  of  this  co-efficient  for  the  best  sails  is 

/=  0016 (3  A.) 

Then  modifying  the  symbols  in  equation  50,  as  already  described, 
and  deducting  the  loss  of  energy  by  aerial  friction,  we  find  for  the 
usefrd  work  per  second  done  by  the  action  of  the  wind  on  the  baud, 
or  bands  of  sail,  that  sweep  through  the  stream  of  air  whose  sec- 
tional area  is  «, 

Rw  =  cD«t;-^-  I  2ttt;-co8f8inC-ti2(2sin2f+/)-/f72l 
=:c D  «r  -^  I  w«  -sin  2  f-w*  (1  -cos  2  {:+/)-/««  \  (4.) 
Dividing  this  by  — ^ — ,   the  whole   energy  per  second  of  the 
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otream  of  wind,  we  find  for  the  efficiency  of  the  action  of  that 
stream 

-^  =  c  {J8in2i:-^'(1-C082c+/)V}...(5.) 

The  ratio  of  the  speed  of  greatest  efficiency  for  a  given  toeather  ^^ 
to  the  speed  of  the  wind,  is 


.(6.) 


Wj  __  sin  2  ^ 

^""2(l~oS^f+7)-- 
The  efficiency  corresponding  to  that  speed  is 

U(l-co8  2C+/)~-^  /' ^   ' 

and  the  useful  wrk  oorreBponding  to  that  efficiency 

«■-- '"■|^{4(.-^IU-/} W 

The  following  are  some  examples  of  the  results  of  these  formul% 
taking,  as  already  Btated,/=  0-016,  c  =  0-75  : — 

7"  2  63  0-24 ) 

13°  1-86  0-29  V (9.) 

19°  1-41  0-31) 

It  will  afterwards  be  shown  within  what  limits  these  formulae  are 
applicable. 

190.  The  Bmi  F«ni  «■«  PropwttoM  •f  teiia,  as  determined 
experimentaUj  by  Smeaton,  are  as  follows : — 

in  fig.  85,  A  is  the  wind  shaft;  A  0,  the  whip  of  one  sail; 
B  D  E  0,  the  main  or  following  division  of  the  sail,  which  i» 
rectangolar;  B  F  C,  the  leading  ^vision  of  the  sail,  which  is  trian- 
golar. 

The  following  are  the  best  proportions : — 

AB  =  JaC;  BC  =  |aC; 


BD  =  CE  =  JaC;  CF  =  ^AC 
o  10 


.(1.) 


The  following  are  the  best  values  for  the  angle  of  weaiher  at 
diffinrent  distances  from  the  axis  *. — 
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Distance  in  sixths  i  123456 

o^^  ^» ••  ^  (first  bar)  (tip)     -  (2.) 

Weather,  & 18^      19'      i^'     ^^"     "°i      f      J 

c ^        191.  The  Mmm  Speed  for  the  tips  of  the  sails, 

weathered  as  above,  waa  found  by  Smeaton  to  be 
about  2-6  times  the  velocity  of  the  wind;  that  ia^ 

forf  =  7^w^  =  2•6t; (1.) 

It  is  from  this  experimental  result  that  the  valuo 
of  the  co-efficient  of  friction  employed  in  Artido 
189  has  been  deduced,  viz.,/=  0*016. 

The  result  computed  in  the  same  Article,  that 

for  f  =  19°  ^  =  1-41,  indicates  that  19°  ia  the 

V 

proper  angle   of  weather  for  a  point  about  the 
middle  of  the  sail;  which  is  confirmed  by  experi- 
ment. 
Fig.  85.  '^^^  application  of  the  formulsB  of  that  Article  to 

all  parts  of  the  sail  would  give  it  a  slightly  convex 
surface ;  but  Smeaton  found  a  slightly  concave  surface  (as  indicated 
by  Table  2,  Article  190)  to  be  somewhat  more  efficient;  upon 
which  he  observes,  *'  that  when  the  wind  falls  upon  a  concave  sur- 
face, it  is  an  advantage  to  the  power  of  the  whole,  though  eveiy 
part,  taken  separately,  should  not  be  disposed  to  the  best  advantage." 
It  further  appears,  that  the  formiilee  should  not  be  applied 
between  the  middle  and  the  inner  eud  of  the  sail,  it  beiug  better  to 
preserve  nearly  the  same  angle  of  weather  throughout  that  part  of  it 
192.  Power  aad  EAcieacy. — ^The  effective  power  of  a  windmill, 
AS  Smeaton  ascertained  by  experiment,  and  as  equations  4  and  8 
of  Article  189  indicate,  varies  as  «,  the  sectional  a/rsa  of  the  acting 
stream  of  unnd;  that  is,  for  similar  wheels,  as  the  squares  of  the  radii. 
The  value  0*75,  assigned  to  the  multiplier  c  in  Article  189,  is 
founded  on  the  fact  ascertained  by  Smeaton,  that  the  effective  pov)eT 
of  a  windmill  with  sails  of  the  best  form,  cmd  about  15^  feet  radius, 
with  a  breeze  of  13  feet  per  second,  is  about  one  horse-power.  In 
the  computations  foimded  on  that  fact,  the  mean  angle  of  weather 
^is  made  =13°,  and  /=  016  as  before.  Then  making  the  radius 
A  B  £=  r,  and  the  area  of  the  cylinder  of  wind, 

equation  8  of  Article  189  becomes  as  foUows : — 

R,U,  =  0-29-^^x,*; 


•(!•) 
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being  the  effective  power  at  the  best  speed,  when  the  tips  of  the 
sails  move  at  2*6  times  the  speed  of  the  wind. 

To  find  the  effective  power  at  any  speed,  equation  4  is  referred 
to,  which,  when  ^=13®,  becomes — 

R«  =  0-75?^'»r2  |o-438wt;  — 0-117t^2_o.016t;2l(2.) 

The  value  of  D, — the  weight  of  a  cubic  foot  of  air, — may  be 
found  exactly  by  means  of  Tables  11.  and  III.  at  the  end  of  this 
volume;  but  taking  it  on  an  average  at  0*075  lb.,  the  above 
formulae  become, — 

RiW^  =  0-022  |^xr2; (lA.) 

Rw  =  0056-j^-xr8|o-438ur-0117w2-0016t;2l(2A.) 

From  equation  1  it  appears  that  a  windmill  of  the  best  form  and 
proportions,  with  the  tips  of  the  sails  moving  at  2*6  times  the  speed 
of  the  breeze,  has  an  effective  power  equsd  to  tA  of  the  actual 
energy  of  the  cylinder  of  wind  which  passes  it  in  a  second. 

193.  T«wer  mil.— iseir-AcUD«  Cap. — Fig.  86  is  a  vertical  section, 
and  fig.  87  a  horizontal  section,  of  the  top  of  a  tower  mill,  with 
its  self-acting  cap. 

A  A  A  is  the  tower ;  B  B  B  the  cap,  whose  lower  edge  is  an 
iron  ring,  restii^  on  a  circle  of  rollers  which  rest  on  another  iron 
ring  on  the  top  of  the  tower,  and  are  kept  at  their  proper  distance 
apart  by  an  intermediate  ring  R,  in  which  their  axes  have  bearings, 
a,  a,  a,  a  are  blocks  with  horizontal  guide  rollers. 

C  is  a  circular  rack  fixed  to  the  top  of  the  tower. 

S  is  the  wind  shaft,  carrying  a  bevel  wheel  D,  which  drives  a 
bevel  wheel  on  the  upright  shaft  N,  through  which  motion  is  given 
to  the  machinery  of  the  miU. 

From  the  back  of  the  cap  projects  the  frame  L  L,  carrying  the 
fan  M,  which  through  a  train  of  wheelwork  marked  6  and  c  c, 
drives  the  pinion  f,  which  works  in  the  rack  c,  already  mentioned. 
When  the  wind  wheel  faces  the  wind,  the  fan  is  turned  edgewise 
towards  the  wind,  and  remains  at  rest.  So  soon  as  the  wind 
changes  its  direction,  it  makes  the  fan  rotate  in  one  direction  or 
another,  and  so  drives  the  pinion  /,  which  makes  the  cap  turn 
until  the  wind  wheel  again  faces  the  wind. 

The  bevel  wheel  D  on  the  wind  shaft  is  often  used  also  as  a 
brake-wheely  its  rim  being  encircled  by  a  flexible  brake  (Article  49). 

194.  BccAmc,  ar  Begaiation  af  ttaiu. — The  old  method  of  cover- 
ing a  windmill  sail  was  with  a  sheet  of  canvas,  of  which  a  greater 
or  less  extent  could  be  spread  according  to  the  strength  of  the  wind. 
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Various  methods  have  been  invented  for  varying  the  surface 
exposed  to  the  wind  while  the  mill  is  in  motion,  such  as  rollers^ 
upon  which  a  greater  or  less  extent  of  the  canvas  can  be  roUed  up; 


Fig  Sfl 


'^H^^flt^' 


Fig.  87. 


boards  furling  by  sliding  behind  each  other  like  the  sticks  of  a  fan ; 
and  boards  turning  on  axes  into  different  positions,  like  the  bars  of 
a  Venetian  blind.  The  last  method,  the  invention  of  Sir  William 
CKibitt,  is  illustrated  in  figs.  88  and  89,     Fig.  88  is  a  side  view, 
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fig.  89,  a  front  view.     A  is  the  wind  shaft,  which  is  hollow;  B  C, 

a  rod  passing  through  it;  C,  a  swivel,  to  enable  the  foremost  end 

of  the  rod  to  rotate  with  the 

shaft ;  CD,  the  hinder  end  of  the 

rod,  which  is  a  toothed  rack, 

working  with  the  pinion  E ;  F,  a 

drum  on  the  axis  of  that  pinion ; 

G,  a  cord  wound  on  it,  from 

which  hangs  a  weight  W;  I,  a 

guide  roller  for  the  rack. 

K  is  the  head  of  the  rod 
B  C,  connected  by  links  L  with 
the  levers  M,  which  turn  on 
bearers  carried  by  the  project- 
ing brackets  N.  P  is  a  rack; 
V,  a  guide  roller ;  Q,  a  pinion ; 
R,  a  lever ;  S,  a  rod,  connected 
with  all  the  levers  for  moving 
the  valves,  or  transverse  boards, 
which,  when  shut,  or  turned 

flatwise  to  the  wind,  fill  the  spaces  between  the  bars  of 
the  sail,  and  make  a  continuous  tlat  surface ;  when 
opened,  or  turned  edgewise  to  the  wind,  allow  it  to 
pass  through  with  little  action  on  the  sail ;  und  wlien 
turned  into  intermediate  positions^  give  the  same  effect 
with  a  greater  or  less  surface  of  sail.  Each  8ail  has 
similar  api)aratus. 

The  axes  on  which  the  valves  tuiii  are  placet!  nenrer 
to  one  edge  than  to  the  other,  so  that  the  pressure  of 
the  wind  tends  to  open  them.  It  is  opposed  by  the 
weight  W,  which  tends  to  dose  them.  The  valves 
adjust  their  own  obliquity,  so  that  the  pi^iisiire  of  the 
wind  balances  the  weight  W;  and  thus  tlie  elfaH  of  the 
wind  on  the  sails  is  maintained  nearly  constant  through 
all  variations  of  its  speed. 


Fig.  89. 


For  such  purposes  as  the  raising  of  water,  much  lighter  forms  of 
mill  can  be  used  effectively.  The  vanes  are  arranged  radially,  fan 
like,  and  the  fan-like  disc  so  formed  is  kept  facing  the  wind  by  a 
guiding  arrow  or  tail.  With  a  fair  wind  the  efficiency  seems  to 
be  rather  higher  than  that  of  the  large-sailed  type  (see  Article  192, 
page  218),  as  the  newer  form  with  a  disc  of  10  feet  diameter  will 
lift  about  300  gallons  of  water  per  hour  to  a  height  of  75  feet,  and 
about  1,000  gallons  per  hour  when  acting  at  drainage  works. 
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195.  NatwTO  •■«  DiTiiiloa  •#  Om  8«bjcct. — It  is  believed  to  have 
V*en  first  remarked  by  George  Stephenson,  that  the  original  source 
of  the  power  of  heat  engines  is  the  sun,  whose  beams  furnish  the 
energy  that  enables  vegetables  to  decompose  carbonic  acid,  and 
80  to  form  a  store  of  carbon  and  of  its  combustible  compounds, 
afterwards  used  as  fuel.  The  combination  of  that  fuel  with 
oxygen  in  furnaces  produces  the  state  of  heat,  which  being  com- 
municated to  some  fluid,  such  as  water,  causes  it  to  exert  an 
augmented  pressure,  and  occupy  an  increased  volume;  and  those* 
changes  are  made  available  for  the  driving  of  mechanism. 

According  to  a  speculation  originated  by  Mr.  Waterston,  and 
modified  and  developed  by  Prof.  Sir  William  Thomson,*the  heat  of 
the  sun  is  produced  by  the  fall  of  a  shower  of  matter  into  it ;  so- 
that  the  original  source  of  the  power  of  heat  is  gravitation. 

In  the  present  treatise  we  are  concerned  with  those  operations 
only  in  the  obtaining  of  mechanical  energy  by  means  of  heat,  whicli 
are  performed  after  the  fuel  has  been  procured  in  a  state  tit  for  use. 
The  present  part  of  this  treatise  consists  of  two  main  divisions; 
the  first  treating  of  those  laws  of  the  relations  amongst  the  [)heno- 
mena  of  chemical  combination,  heat  and  mechanical  energy,  upon 
which  the  work  and  eflBciency  of  heat  engines  depend  :  the  second,^ 
of  the  structure  and  operation  of  those  engines. 

The  former  of  those  main  divisions  consists  of  three  subdivisions,, 
the  first  treating  of  relations  amongst  the  phenomena  of  heat  them- 
selves; the  second,  of  combustion,  or  the  production  of  heat  by 
chemical  action ;  and  the  third,  of  the  relations  between  heat  and 
mechanical  energy,  whose  principles  form  the  science  of  therho 

DYNAMICS. 

The  latter  of  the  two  main  divisions  consists  of  two  subdivisions, 
the  first  relating  to  the  apparatus  by  which  heat  is  obtained  from 
buraing  fuel,  and  communicated  to  a  fluid,  which  apparatus,  in  the 
steam  engine,  comprehends  the  furnace  and  boiler;  the  second, 
relating  to  the  apparatus  by  Which  the  heated  fluid  is  made  to  per- 
form work  by  driving  mechanism,  being  the  "  engine "  proper,  aa 
HiKtinguished  from  the  furnace  and  boiler. 

•  Now  liord  KelTin. 
Q 
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CHAPTER  I. 

OF   RELATIONS  AMONGST  THE   PHENOMENA  OF   HEAT. 
196.    Heart  DcAacd  mmd  Dewriked. — ^The  word  ''HKAT*'  Lsufledin 

w.two  senses — 

.1.  A  certain  class  of  sensations. 

(EI.  That  condition  of  bodies  which  consists  in  the  capacity  for 
'  producing  such  sensations. 

It  is  in  the  second  of  those  senses  that  the  word  will  be  employed 
in  this  treatise. 

The  condition  called  heat  has  other  properties  besides  that  by 
which  it  has  been  defined.    Of  these  the  principal  are  as  follows  : — 

I.  Heat  is  t/ransferrible  from  one  body  to  another ;  that  is,  one 
body  can  heat  another  by  becoming  less  hot  itself;  and  the  ten- 
dencies to  effect  that  transfer  are  capable  of  being  compai^ed 
together  by  means  of  a  scale  of  quantities  on  which  they  dei)end, 
called  temperatures. 

II.  The  transfer  of  the  condition  of  heat  between  two  bodies 
jtends  to  bring  them  to  a  state  called  that  of  wniform  temperature, 

.  .At  which  the  transfer  ceases. 

III.  The  quantities  called  temperatures  are  accompanied  in  each 
'body  by  certain  conditions  as  to  the  relations  between  density  and 
elasticity ;  the  general  law  being,  that  the  hotter  a  body  is,  the  lesa 
is  its  elasticity  of  figure,  or  tendency  to  preserve  a  definite  form  and 
arrangement  of  parts;  and  the  greater  its  elasticity  of  volume,  that 
is,  its  tendency,  if  solid  or  liquid,  to  preserve  a  definite  volume,  and 
if  gaseous,  to  expand  indefinitely. 

IV.  The  condition  of  heat  is  a  condition  of  energy  ;  that  is,  of 
43apacity  to  efiect  changes.  One  of  those  changes  has  already  been 
mentioned  under  the  head  I.,  viz.,  the  change  in  the  condition  of 
heat  of  bodies  which  are  unequally  hot,  tending  to  bring  them  to 

-uniformity  of  temperature.  Amongst  other  of  those  cl^nges  are 
changes  of  density,  changes  of  elasticity,  chemical,  electriod,  and 
magnetic  changes. 

V.  The  condition  of  heat,  considered  as  a  kind  of  energy,  is 
capable  of  being  indirectly  measured,  so  as  to  be  expressed  as  a 
quantity,  by  means  of  one  or  other  of  the  directly  measurable  effects 
which  it  produces. 

y  I.  When  the  condition  of  heat  is  thus  expressed  a.s  a  quantity. 
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it  is  found  to  be  subject,  like  other  foims  of  energy  (mechauicaJ 
energy,  for  example,)  to  a  law  of  conservaiwn ;  that  is,  if  in  any 
system  of  bodies,  no  heat  is  expended  or  produced  through  changes 
other  than  changes  of  temperature,  then  the  total  quantity  of  heat 
in  the  system  cannot  be  changed  by  the  mutual  actions  of  the 
bodies;  but  what  one  body  loses,  another  gains;  and  if  there  are 
changes  other  than  changes  of  temperature,  then  if  by  those  changes 
the  total  heat  of  the  systeoi  is  changed  in  amount,  that  change  is 
compensated  exactly  by  an  opposite  change  in  some  other  form  of 
energy. 

Although  the  present  chapter  treats  specially  of  relations  amongst 
the  phenomena  of  heat,  yet  it  is  impossible  to  explain  these  relations 
without  occasionally  referring  to  relations  between  phenomena  of 
heat,  and  other  classes  of  phenomena,  as  has  already  been  done  in 
the  preceding  general  description  of  heat. 

The  remainder  of  this  chapter  is  divided  into  three  sections. 

The  first  relates  to  the  measiirement  of  tempercUurey  and  to  the 
phenomena  with  which  particular  temperatures  are  accomimnied. 

The  second  relates  to  the  measurement  and  companson  of  q^ian- 
tUies  of  heat,  whether  such  as  are  lost  by  one  body  and  gained  by 
another  during  changes  of  temperature,  or  such  as  appear  and 
disappear  during  changes  of  other  kinds. 

The  third  relates  to  the  rapidity  with  which  the  transfer  oflheal 
takes  place  under  various  circumstances. 

Sbction  1. — Of  Temperaiures,  amd  Phenomena  depeTiding  on  t/iem, 

197.  B^nai  Tenpcntiarc*. — Two  bodies  are  said  to  be  at  eqtial 
temperatures,  or  at  the  same  temperature,  when  there  is  no  tendency 
to  the  transfer  of  heat  from  either  to  the  other. 

198.  Fixed  TcmiM^rafarcs,  Or  standard  temperatures,  are  tempera- 
tures identified  by  means  of  certain  phenomena  which  occur  at  them. 

The  most  important  and  useful  of  fixed  temi^ei-atures  is  that  of 
the  MELTING  OF  ICE  under  the  average  atmospheric  pressure.  This 
pressure  is  specified  for  the  sake  of  precision ;  for  although  the 
variation  of  the  temperature  of  melting  ice  with  variations  of  pres- 
sure is  exceedingly  small,  it  is  still  appreciable. 

Next  in  importance  and  utility  is  the  boiliko  point  of  pure 

WATER  CNDER  THE  AVERAGE  ATMOSPHERIC  PRESSURE  of 

147      lbs.  on  the  square  inch,  or 
2ii6'3      lbs.  on  the  square  foot,  or 

29-922  inches,  or  760  millim^ti'es  of  a  vertical  column  of 

mercury,  at  the  teiuijei*atui-e  of  melting  ice,  or 
10,333  kilogrammes  on  the  nouare  mStre. 
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There  are  many  other  phenomena  besides  the  melting  of  ice  and 
boiling  of  water  under  the  mean  atmospheric  pressure,  which  serve 
to  identify  fixed  temperatures;  but  the  two  phenomena  which  have 
been  specified  are  chosen,  because  of  the  precision  with  which 
they  can  be  observed,  for  the  purpose  of  fixing  the  standard  tem- 
peratures on  the  scales  of  thermometers,  or  instrumeuts  for 
measuring  temperature. 

199.    Prgreg*  •r  TeMiMrmlarc — PerfiMt  Gas  Tkm»«M«ler. — The 

two  standard  points  of  the  scale  of  temperatures  having  been  found, 
it  is  next  requisite  to  express  all  other  temfjeratures  by  means  of  a 
scale  of  degrees,  and  fractions  of  a  degree;  which  scale  is  to  be 
graduated  according  to  the  magnitude  of  some  directly  measurable 
quantity  depending  on  temperature. 

The  quantity  chosen  for  that  purpose  is  the  product  of  the  pres- 
sure and  volume  of  a  given  mass  of  a  perfect  gas. 

A  PERFECT  GAS  is  a  substauce  in  such  a  condition,  that  the  total 
pressure  exerted  by  any  number  of  portions  of  it,  at  a  given  tem- 
peratui*e,  against  the  sides  of  a  vessel  in  which  they  are  enclosed,  is 
the  sum  of  the  pressures  which  each  such  portion  would  exert  if 
enclosed  in  the  vessel  separately  at  the  same  temperature ;  in  other 
words,  a  substance  in  which  the  tendency  to  expand  of  each  appre- 
ciable mass,  how  small  soever,  that  is  difilised  through  a  given 
sftfice,  is  a  property  independent  of  the  presence  of  other  masses 
within  the  same  space.  Absolutely  perfect  gases  are  not  found  in 
nature;  every  gas  approximates  more  closely  to  the  condition  <»f  a 
perfect  gas  the  more  it  is  heated  and  rarefied ;  and  air  is  sufficii-iitly 
near  to  the  condition  of  a  perfect  gas  for  thermometric  purpos*.*?*. 

Let  Vo  denote  the  volume  of  a  given  weight  of  any  j^eifect  gas 
under  a  pressure  of  the  intensity  /?o>  at  the  temperature  of  melting 
ice,  and  p^  v„  the  product  of  those  factors; — a  quantity  whose  value 
in  foot-pounds,  for  one  pound  avoirdupois  of  air  and  other  gast»«,  is 
given  in  Table  II.,  at  the  end  of  this  volume. 

Let  /?j  t?i  be  the  corresponding  product  at  the  temperatuix*  of 
water  boiling  under  the  pressure  of  one  atmosphere. 

Then  it  is  known  from  the  experiments  of  M.  Regnault  and 
Mr.  Rudbeig,  that  these  two  products  bear  to  each  other  tht*  fol- 
lowing proportion : — 

^^=1-365 (1.) 

Now  let  To,  Tj,  denote  respectively  the  temperatures  of  molting 
ice  and  boiling  water  under  the  pressure  of  one  atmosphere,  in  de- 
grees of  the  scale  of  a  perfect  gas  thermometer,  tl:e  intervals  npoa 
which  scale  correspond  with  the  intervals  between  the  valuea  of 
the  ratio  p  v  ^  p^v^ 


THEBHOMETRIC  8CALE&  227 

Let  T  be  any  thiitl  temperature,  and  p  v  the  corresponding  pn>- 
dact  of  the  preasiu'e  and  Tolume  of  the  gas. 

Then  because  the  interval  T^  —  Tq  corresponds  to  the  difference 
ri^i— yot?o_Q.3gg    j^  jg  ^^^  ^^^^  ^j^g  interval  T  — T.,  corre- 

spending  to  the  difference  —"^''—*,  must  have  the   foUowinij 
value : — 

m        T   —  •*•»  —  ^0     P^ —  '  0  ^'o .  /o  \ 

^"■^^""0^365  W^' ^  ^^ 

and  this  equation  expresses  the  relation  between  intervals  of  tern- 
perature,  and  differences  of  the  product  p  v, 

200.  w^tmermmt  THermoBietric  ScaIm. — The  number  of  degi-ees 
Tj  —  To  into  which  the  interval  between  the  two  standard  tem- 
peratures is  divided,  and  the  number  of  degrees,  Tq,  between  the 
zero  of  the  scale  and  the  temperature  of  melting  ice,  are  arbitrary. 

On  Reawmwr^a  scale,  the  zero  is  the  temperature  of  melting  ice, 
aud  Tj  —  To  =  80^;  therefore, 

To  =  0^;  Ti  =  80'; 

^  —  u=  TTo^  — -— —  =  -ly  ^  — — .-_ — ...  (1) 


Po  Vo  po  Vo 


On  the  Centigrade  scale,  used  in  France,  and  over  most  of  the 
c<»ntinent  of  Europe,  the  zero  is  the  temperature  of  melting  ice,  and 
T,  —  To  =  100°;  therefore, 

To  =  0°;  Ti  =  100°; 

T_T..=  ,J^S^:    ,^^-7^0  ^0^274- ^^-^-^...(2.) 

On  Fahrenhe^s  scale,  used  in  Britain  and  America,  the  zero  is 
an  arbitrary  point,  32°  below  tbe  temperature  of  melting  ice; 
T^  —  To  =  180°;  and  therefore. 

To  =  32°;  Tj  =  212°; 

T-T..=  J^  .  ^^-Po  ^0=493-2  ^iL-Z£!i^\..(3.) 
0-365  j5yt?o  Pm'^m 

In  the  present  treatise,  Fahrenheit's  scale  is  used  when  no  other  is 
specified. 

On  all  tliermometric  scales,  temperatures  below  zero  are  reckoned 
downwards,  and  distinguished  by  having  the  n^;ative  sign  pi-e- 
iixed. 
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201.  AbMiute  Xera-AbMlace  T«nip«nuarc. — There  IB  a  tem|iera- 

ture  which  is  fixed  by  reasouiug,  although  uo  opportunity  ever 
occurs  of  obBerviiig  it ,  and  that  is,  the  temperature  corruH)M>adiu|( 
U)  the  disappearance  of  gaseous  elasticity,  at  which  p  t?  =:  0. 

This  is  called  the  absolute  zero  of  the  |)erfect  gas  thermometer. 
By  reckoning  temp^n-atures  from  it,  the  laws  of  all  the  phenomena 
which  depend  on  temperature  are  found  to  be  expressed  more 
simply  than  by  reckoning  from  any  ordinary  zero.  It  is  thoi-efore 
the  most  nnitable  zero  for  purposes  of  scientific  reasoning.  For  the 
j)ur|K)8e  of  recording  observations,  the  ordinary  zeros  ai*e  more  con- 
venient, becaiise  of  the  remoteness  of  the  absolute  zei"o  from  any 
tenipeiuture  which  is  ever  observed. 

Ttjmperatures  reckoned  from  the  absolute  zero  are  called  acso- 
LUTE  TEMPERATURES.  In  this  treatise,  they  will  be  denoted  by  the 
symlx)!  T. 

Let  Tq  1x3  the  absolute  temperature  of  melting  ioe;  and  r^  that  oi 
boiling  water,  under  the  pressure  of  one  atmosphere. 

Let  T  be  any  third  absolute  tempeiuture. 

Then 

T,  =  1-366  To; (2.) 

T=r,.A!i (3.) 

These  fomiulse  Wcomc — 
fc»r  Rmumar's  scale^ 

T„  =  2iy°-2;    r,  =  299'"2  ;  r  =  219^-2  -^  )       „  , 
*  ;>oro  .  ....(4.) 

=  T+219°'2;  j 

for  the  Centigrade  acaJe, 

To  =  274°;  Ti  =  374";  t  =  274^  -?—  =  T  +  274o  ;..(5.) 
for  Fahrenheit* B  scale, 

T  =  4930-2  ;  Ti  z=  673-2  ;  r  =  493^-2  J^   ]      ,^  , 
=  T  +  46r-2;  j 

iiufl  the  |M>8itioiiH  of  the  alisoluti*  zero  on  the  ordinari/  ecalee  are, 


Reaumur  H  scale,         —  219«-2,  ) 

the  CentignMle  scale,  —  274o,     > (7.) 

Falirenheit's  acala.       —  46r'2.  ) 
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Table  III.,  at  the  end  of  the  volume,  shows  a  series  of  ordinary 
tem])eratures  on  the  Centigiude  and  Fahrenheit's  scales,  with  thc- 
coiTCsponding  absolute  tem|)eratures,  and  the  con^esponding  values- 

of  p  V  -t-  Po  Vq. 

202.  Kxp«nsi««  «a«i  Bia«ticatr  9f  Oaae», — A  gas  sensibly  perfect 
bus  the  law  of  its  expansion  and  elasticity  expi'essed  as  follows  : — 

-^  =  ^; (1.) 

and  the  results  of  this  formula  are  given  in  Table  111.,  already 
referred  to. 

The  co-effiderU  of  eocpansion  of  a  perfect  gas,  being  the  increase  of 
volume  under  constant  pressure,  for  one  degree  of  rise  of  tempera- 
ture, of  so  much  of  the  gas  as  tills  unity  of  space  at  the  temperatum 
of  melting  ice,  is  the  reciprocal  of  the  absolute  temperature  of  " 
melting  ice,  or, 

1  ~  493-2  =  0-002027()  per  de-ree  of  Knlirenheit; 

1  -r  274     =  000305      per  degree  Centigrade. 

This  is  a  theoretical  limit  to  which  the  co-eflScients  of  expansion  of 
gases  approximate  as  their  densities  diminish  and  tem^ieratures  in- 
crease. Their  actual  cfvefficients  of  expansion  exceed  that  limit  by 
Hniall  quantities  depending  on  the  nature,  density,  and  temj)erature 
of  the  gas. 

A  hyjjothesis  called  that  of  "  molecular  vortices,*'  referred  to  in 
the  historical  sketch  prefixed  to  this  work,  led  to  the  conclusion,  in 
the  case  of  imperfect  ga^es,  that  the  law  of  their  expansion  and 
ehvsticity  would  be  found  to  be  expressed  approximately  by  an  equa- 
tion of  the  form, 

Ao,  Aj,  «kc.,  being  functions  of  the  density  — ,  to  Imj  determined 

empirical  ly.     This  conclusion  was  verified  by  a  comparison  with. 
the   experiments   of  M.   Regnault.     {Memoirs  of  the  Academy  of 
Sciences,    1847;  Traris.  Roy.  Soc.  Edin.,  1850;  Phil.  Mag.,  Dec.^ 
1851  ;  Proc,  Roy.  Soc.  Edin.,  1855 ;  Phil.  Mag.,  March,  1858.) 
The  formula  for  carbonic  acid  gas  is  as  follows  : — 

p  V  _       r_ 3-42      l?o  .o  V 

Po^u  ""  493-2  T     *   v' ^    ' 

in  which  j!^  =  2116-4 lbs.  on  the  square  foot;  v^  =  815725  cubic 
feet  to  the  lb.  -,  p^v^=  17264  foot-pounds. 
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It  is  probable  that  a  formula  of  this  class  will  at  some  futuro 
period  be  found  to  express  the  relation  between  the  temperature, 
pressure,  and  density  of  steam ;  but  at  present  it  is  impossible  to 
find  such  a  formula,  for  want  of  experimental  data.  The  difficulty 
of  ascei*taining  exactly  how  much  of  the  water  or  other  fluid  within 
a  given  space  is  in  the  liquid  state,  and  how  much  in  the  state  oi 
vai)our,  constitutes  a  serious  obstacle  in  the  way  of  obtaining  such 
data.  The  principal  causes  of  that  difficulty  are,  first,  that  a  vapour 
near  the  point  of  liquefaction  has  the  power  of  retaining  suspended 
in  it  a  portion  of  its  liquid  in  the  state  of  cloud  or  mist;  and, 
secondly,  that  if  in  experiments  on  the  density  and  exjiansiou  of 
8team,  glass  vessels  are  used,  in  order  to  show  when  the  steam  ia 
free  from  cloud,  a  new  cause  of  unceiiainty  is  introduced  by  the 
fact,  that  the  attmction  between  glass  and  water  is  sufficient  to 
retain  in  the  liquid  state,  and  in  contact  with  the  glass,  a  film  of 
water  at  a  teni|)ei*ature  at  which,  but  for  the  attraction  of  the  glass, 
it  would  be  in  the  state  of  steam. 

The  ideal  density  of  perfectly  gaseous  steam,  given  in  Table  II., 
is  deduced  from  its  chemical  com})08ition.  One  cubic  foot  <»f 
hydi-ogen,  and  half  a  cubic  foot  of  oxygen,  combine  together,  and 
collapse  into  one  cubic  foot  of  steam.  Hence  the  id^  weight  of  a 
cubic  foot  of  steam  at  32°,  and  under  one  atmosphere  (being  a 
quantity  to  be  used  in  calculation  only,  inasmuch  as  steam  cannot 
exist  at  that  pi*essure  and  temperatiu'e),  is  computed  as  follows  :— 

Lbs. 

One  cubic  foot  of  hydrogen, 0-005592 

Half  a  cubic  foot  of  oxygen, o  '0446 a8 


One  cubic  foot  of  ideal  steam,  Dy, =  0*050220 

From  this  result  are  calculated  the  following,  ideal  also  : — 
Volume  of  one  lb.  steam  at  32°  and  one  atmosphere, 


.(4.) 


v„  =  =r-  =  19-913  cubic  feet ; 
l-'o 

2>^v^  -  19-9124X2116-3  =  42141  foot-lbs. 

If  from  these  quantities  ai*e  computed  the  con-esponding  quan- 
tities for  one  atmosphere  of  pressure  and  212°,  the  following  results 
Hi'e  obtained : — 


Vj  =  1-365  Vo  =27-18  cubic  feet; 
Di-=  003679  lbs.; 
;>j  vj  =  1-365  p^,  v^  ^  57522  foot-lbs. 


.(5.) 
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The  volumes  and  densities  of  steam  given  in  Tables  lY.  and  V  i. 
are  computed  by  a  method  which  will  afterwards  be  explained. 
P*rom  32°  to  104°  they  agree  very  well  with  the  assumption  of  the 
j>erfectly  gaseous  condition,  with  the  following  values  of  t?©  and 
/>..  r^,  which  are  somewhat  smaller  than  those  deduced  from  chemical 
composition  : — 


Vq  (ideal,  for  32°  and  one  atmosphere)  19*699  cubic  feet ; 

Do  =  005076  lbs.; 

/>o«'o  =  41690  foot-lba 


(6.) 


.(7.) 


If  atmospheric  steam  were  perfectly  gaseous  at  212°,  the  follow- 
ing would  be  the  results  of  the  above  formidse  : — 

t?!  =  1  -365  t?o  =  26-89  cubic  feet ; 

Di=  0-03719  lbs.; 

/>!  t?i  =  1  -365 />o  Vo  =  56907  foot-lbs. 

It  is  proved,  however,  by  such  experimental  data  as  exist,  that 
the  actual  density  of  steam,  at  pressures  of  one  atmosphere  and 
upwards,  exceeds  that  computed  on  the  assumption  of  the  perfectly 
gaseous  condition,  and  that  the  excess  is  greater,  the  gi*eater  the 
]>res8ure;  although  there  is  no  direct  experimental  determination 
of  the  exact  amount  or  law  of  that  excess.  By  the  indirect  method 
to  be  afterwards  explained,  the  amount  of  that  excess  is  found  at 
any  given  temperature;  but  the  general  law  which  it  follows  is 
unknown. 

The  tables  give^  for  one  atmosphere  and  212°, 

Vi  -  26-36  cubic  feet  per  lb. ; 

Di  =  0-03797;  (8.) 

;?it;i  =  55783  footrlbs.; 

differing  by  about  one-fiftieUi,  part  from  the  results  given  in  the  for- 
mula (7);  and  the  proportional  difference  at  higher  pressures  is 
greater. 

The  data  ivom,  which  the  densities  and  volumes  in  these  tables 
were  calculated,  were  the  experiments  of  M.  Kegnault  on  the  heat 
transferred  from  a  boiler  to  a  condenser,  by  sending  from  the  foiiner 
to  the  latter  known  weights  of  steam  under  different  pressures ;  and 
it  is  certain,  that  whatsoever  may  prove  to  be  the  law  connecting 
the  density,  pressure,  and  temperature  of  steam  under  other  cir- 
Gumstances,  the  densities  and  volumes  in  these  tables  cannot  err, 
to  an  extent  appreciable  in  practice  for  steam  obtained  und^ 
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drnimstmicea  nviilar  to  Uioae  of  M.  Regnault^a  ea^KtitnarUa,  which 
ci  10 uni stall et'H  are,  ii)  all  important  points,  similar  to  thoso  under 
wliicii  steam  \h  obtained  in  ordinary  steam  engines 

Table  IV.,  in  which  the  density  of  nteam  in  computed  by  theory, 
was  published  in  185t).  The  I'esults  of  the  exjteriments  of  Me^Mj-s. 
Fairbairn  and  Tate  were  ])ubliHhed  in  1859,  and  were  found  to 
agree  very  closely  with  the  results  of  theory.  (See  Phif,  Traiut,, 
\m):  also  Trans.  oftJiA  Royal  Society  of  Edinburgh,  1862,  p.  153.) 

Jt  is  often  convenient  for  practical  purposes  to  calculate  the 
density  of  the  volume  of  steam  directly  from  the  pressure  of  satuni- 
tion  without  reference  to  the  temfieratui'e.  (See  Article  206,  jja^e 
236.)  The  following  is  an  empirical  formida  for  that  pur|xi8e, 
first  ^mblished  in  the  Phil.  Trans,,  1859,  page  188,  and  applicable 
for  pressures  not  exceeding  120  lbs.  on  the  square  inch;  in  which 
p  denotes  the  absolute  pressure,  and  v  the  volume  of  steam;  p^  the 
mean  atmospheric  pressure  of  147  lbs.  on  the  square  inch,  and 
t?j  the  volume  of  1  lb.  of  atmospheric  steam,  or  26*36  cubic  feet. 


&■ 


.(9.) 


(See  the  engraved  Dia^i-auj  at  the  end  of  the  volume.) 

In  Table  V.,  the  densities  of  the  va|)our  of  tether  ai^e  coin|Nite<] 
as  for  a  iierfect  gas  from  its  chemical  composition ;  becauBe  in  the 
only  case  in  which  data  exist  for  computing  its  density  otherwise, 
the  results  of  the  two  modes  of  computation  agiH3e  exactly,  as  will 
afterwards  l)e  shown. 

The  (piantities  in  the  column  headed  E  in  Table  II.,  being  the 
exjMinsions  of  unity  of  volume  at  32°  in  rising  to  212^,  are  180  times 
the  ro  efficients  of  exjmimon  per  det/ree  of  Fahrenheit 

203.  Bxpnnsion  of  Uqulda— :vierciirlnl  TbrrmmMctrr. — The  rate 
of  expansion  of  every  liquid  increases  as  the  tem|jerature  liecomes 
higher,  and  diminishes  as  the  temperatui*e  becomes  lower. 

In  the  case  of  water,  there  is  a  tem])emture  at  which  the  mte 
of  exjMinsion  di8a])[)eai'8,  and  the  volume  of  a  given  weight  reaches 
a  minimum.  That  temi^erature,  acconling  to  the  m<jat  tnistworthy 
ex|>eHment8,  is 

39°-l  Fahrenheit (1.) 

Between  that  temj)eratui'e  and  32^,  the  volume  of  a  given  weight 
of  water  inn^eases  by  cold. 

It  is  possible  that  a  similar  phenomenon  may  take  place  in  other 
liquids;  !)ut  it  has  not  yet  been  observed  in  any  liquid  except  water. 

The  above  temi)erature  of  the  maximum  density  of  water,  being 
the  temperature  at  which  the  specific  gravity  of  water  can  be  most 
accumtely  ascertained,  is  used  in  France  a£  the  standard  tenijM*ra- 
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ture,  at  which  the  weight  of  an  unit  of  volume  of  water  Ih  taken 
for  an  unit  of  weight,  and  of  specific  gi-avity.  The  standard  tem- 
perature for  the  British  standai*ds  of  weight  and  measure  is  62° 
Fahrenheit. 

The  following  empirical  formula  for  the  expansion  of  water 
between  32°  and  77°  Fahrenheit,  deduced  fi-om  the  experiments  of 
Staropffer,  Despretz,  and  Kopp,  is  extracted  from  Professor  W.  H. 
Miller's  paper  on  the  Standard  Pound,  in  the  Philosophical  Traiu- 
actions  for  1856,  and  reduced  so  as  to  be  suited  to  Fahrenheit's 
scale  instead  of  the  Centigrade  scale,  for  which  it  was  originally 
computed  : — 

1  _  lO-t  (T  —  39-1)2  —  0-0369  (T  —  39-1)8 
^^i7u"  10,000,000  ^-"^ 

r.  denotes  the  volume  of  a  given  weight  of  water  at  39°-l  Fah- 
renheit, and  under  one  atmosphere  of  pressui*e,  which  for  oue 
pound  of  water,  has  the  value 

^•=62^25  =  ^-^^^^^^^' ^^') 

log  n,  =  2-2046414. 

V  denotes  the  volume  of  i^c  same  weight  of  water  at  any  other 
temperature  T  on  Fahrenheit's  scale. 

For  rough  calculations  of  the  density  of  water,  a  simple  approxi- 
mate formula,  suited  for  most  practical  ])urpose8,  has  sdready  been 
given  in  Article  107,  p.  110. 

The  greater  convenience  of  thermometers  filled  with  liquid,  as 
compared  with  those  filled  with  air,  causes  the  former  to  be  em- 
ployed for  all  purposes  except  certain  special  scientific  researches ; 
and  the  liquid  commonly  employed  is  mercury. 

A  mercurial  thermometer  consists  of  a  bulb  and  stem  of  glass. 
The  stem  should  be  as  nearly  as  possible  of  uniform  bore ;  and  the 
inequalities  in  the  bore  should  be  ascertained  by  passing  a  small 
quantity  of  mercury  along  the  stem,  and  marking  the  lengths  that 
it  occupies  in  different  positions;  and  in  the  graduation  of  the  scale 
those  inequalities  should  be  allowed  for,  so  that  each  degree  of  the 
scale  shall  corresjjond  to  an  equal  jioi-tion  of  the  capacity  of  the 
stem.  A  sufficient  quantity  of  mercury  having  l)een  introduced,  it 
is  boiled,  to  expel  air  and  moisture,  and  the  tube  is  hermetically 
Healed.  The  standard  points  are  ascertained  by  immersing  the 
thermometer  in  melting  ice,  and  in  the  steam  of  water  boiling 
under  the  pressure  of  14*7  lb&  on  the  squai-e  inch,  and  marking  the 
jiositions  of  the  top  of  the  column;  the  interval  between  those 
points  is  divided  into  the  proper  number  of  degrees  (100  for  the 
Centigrade  scale,  180  for  Fahrenheit's  scale),  and  similar  degi-ees 
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are  marked  above  and  below  those  points  if  necessary,  the  ascer* 
tiiined  inequalities  in  the  bore  of  the  stem  being  allowed  for. 

The  lute  of  expansion  of  mercuiy  with  rise  of  teraneratuit'  in- 
creases as  the  temperature  becomes  higher ;  from  which  it  follows, 
that  if  a  thermometer  showing  the  dilatation  of  mercury  simply 
were  made  to  agree  with  an  air  thermometer  at  32*  and  212°.  the 
mercurial  thermometer  would  show  lower  temperatures  than  the 
air  thermometer  between  those  standard  points,  and  higher  tem- 
j>ei'atui-es  beyond  them.  For  example,  according  to  M.  H^giiault 
(Mem.  Acad.  SCf  1847),  when  the  air  thermometer  marked 
350°  C.  (  =  G62°  F.),  the  mercurial  thermometer  would  iimrk 
362°16  C.  (  =  683°-89  F.),  the  error  of  the  latter  being  in  excess, 
12*-16  C.  (  =  2l«-89  F.) 

Actual  mei\;urial  thermometers  indicate  intervals  of  temperature 
proportional  to  the  apparent  expansion  of  mercury  contained  in  a 
glass  vesHcl, — that  is,  the  diffei'ence  between  the  expansion  of  mer- 
cury and  that  of  glass. 

The  inequalities  in  the  rate  of  ex|)an8ion  of  the  glass  (which  arc 
very  different  for  different  kinds  of  glass)  con-ect,  to  a  greattM-  or 
less  extent,  the  en*ors  arising  from  the  inequalities  in  the  rat**  of 
exmnsion  of  the  mercury. 

For  practicjil  purposes  connected  with  heat  engines,  the  mei-c-uiial 
thermouii'ter  made  of  common  glass  may  be  considered  as  sensibly 
coinciding  with  the  air  thermometer  at  all  temperatures  ntit  ex- 
ceediug  500°  Fahr. 

For  full  information  on  the  comjiaiutive  indications  of  thernio- 
metei-s,  i*eference  may  be  made  to  M.  Reguault*s  jiapers  in  the 
Memoirs  of  the  Academy  of  Scietices  for  1847,  entitled  respectively 
"  Do  la  Mesui-e  des  Temperatures,"  and  "  De  la  Dilatation  Absolue 
da  Mercuiv." 

Spii-it  thermonietei*s  are  used  to  measure  temjieratures  at  and 
below  the  freezing  point  of  mercury.  Their  deviations  from  the 
air  theiinometer  are  greater  than  those  of  the  mercurial  thermo- 
meter. 

204.  Kxpanaion  of  HmUdu, — ^The  nunibera  wliich  it  is  customary  to 
give  in  tables  of  the  expansion  of  s  iliils  are  the  nUeji  of  eocjMifueion 
of  one  diniemfWH,  and  are  therefore  resi)ectively  otie-third  of  tbo 
corresponding  mtes  of  ex))ansion  in  volume. 

Solid  thermometers  are  sometimes  use<l,  which  indicate  temfM^ra- 
tures  by  showing  the  difference  between  the  ex|MinsionB  of  a  |iair  of 
bars  of  two  substances  whose  rates  of  expansion  are  different 
When  such  thermometers  are  used  to  indicate  tem{)eratures  higher 
than  the  boiling  })oint  of  mercury  under  one  atmosphere  (alM>ut 
6760  Fahr.),  they  are  called  Pyrometers,  In  this  case  the  exact 
vulue  of  their  degrees  is  Homiiwhat  unceilidu. 
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205.  .iieluag  P«fat. — One  melting  point  has  ah*eady  been  men- 
tioned as  a  fixed  temperature, — that  of  ice.  It  is  loivered  hj 
pressure  to  the  extent  of  0®-014  for  each  additional  atmosphere  of 
pressure, — a  fact  predicted  by  Prof.  James  lliomson,  and  a  cur- 
tained experimentally  by  Sir  William  Thom.son.* 

The  following  are  the  melting  points  of  a  few  of  the  more 
important  substaiioea  Those  marked  1  have  been  measured  by  the 
pyrometer : — 


Mercury, —  38** 

Ice, +  32*> 

Alloy— Tin   3,   Lead   5, 

Bismuth  8,  about, 210° 

Sulphur, 228° 

Alloy— Tin  4,  Bismuth  5, 


Bismuth 493 

Lead, 630" 

Zinc, 700°  { 

Silver, 1280°  ? 

Bi-ass, 1869°  ? 

Copper, 2548°! 


Lead  1, 246''  |    Gold s.V;©'' ? 

Alloy— Tin  I,  Bismuth  1,  286°       Cast  iron, 3479°^ 

Alloy— Tin  3,  Lead  2,...   334°  '  Wrought  iron, higher, but 

Alloy — Tin  2.  Bismuth  1,  334**  j  uncertain. 

Tin 426°  I 

Ice,  cast  iron,  bismuth,  and  antimony,  and,  according  to  Mr. 
Nasmjrth,  many  other  substances,  are  more  bulky  when  in  the  solid 
state,  near  the  melting  point,  than  they  are  when  in  the  liquid 
state;  as  is  shown  by  the  solid  material  floating  in  the  melted 
material. 

For  ice,  the  excess  of  volume  in  the  solid  state  above  the  volume 
in  the  liquid  state  is  very  great,  and  has  been  ascertained,  with  the 
follo¥m[ig  results : — 

Volume  of  1  lb.  Weight  •  f 

cuhic  fj-ct.  1  cub.  ft.  in  lbs. 

Water,  at  32° 0*01602  62-425 

Ice,       at  32** 00174  575 


206.  Pre— re  •f  T«p«ar~RT«p«ratiou— Boiling — The  tempera- 
ture at  which  a  given  fluid  boils  under  a  given  pressure,  is  a  fixed 
temperature.  In  order  to  explain  this  phenomenon,  and  the  laws 
which  it  follows,  it  is  necessary  in  the  tirst  place  to  describe  the 
distinctions  between  the  liquid  and  gaseous  conditions,  and  the 
mode  in  which  substances  pass  from  the  one  to  the  other. 

I.  The  Liquid  state  is  that  condition  of  each  internal  part  of  a 
body,  which  consists  in  tending  to  preserve  a  definite  volume,  and 
resisting  change  of  volume,  and  in  offering  no  resistance  to  change 
of  figure.  It  is  known  that  most  substances,  and  believed  that  all 
substances,  are  capable  of  assuming  the  liquid  condition  under  suit- 
able circumstances.      The  property  of  offering   no  resistauce  te 

•Now Lord  Kelvin. 
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change  of  figure,  is  ooinmon  to  the  condition  of  liquid  and  gcu,  and 
constitutes  the  fluid  condition.  The  liquid  condition  is  distin- 
guished from  the  gaseous  by  the  property  of  tending  to  preserve  a 
definite  vohime  :  a  body  in  the  gaseous  condition  tends  to  expand 
indefinitely.  Rise  of  tem|>erature  increases  the  resistance  of  liquids 
to  compression,  and  diminishes  their  cohesion.  It  is  known  of  most 
liquids,  and  believed  of  all,  that  for  each  temperature  of  a  given 
substance,  there  is  a  certain  minimum  pressure  on  its  external  sur- 
face, which  is  necessary  to  its  existence  in  the  liquid  state,  and 
under  which  the  communication  of  additional  heat  to  the  liquid 
mass,  makes  it  boil,  or  emit  bubbles  of  vapour  from  its  interior. 
There  is  also  reason  to  believe,  that  all  liquids  under  ail  circum- 
stances emit  vapour  from  their  suifaces,  and  are  surrounded  by  an 
atmosphere  of  their  own  vapoui'. 

II.  yapuur  is  any  substance  in  the  gaseous  condition,  at  the 
maximum  of  density  consistent  with  that  condition.  This  is  the 
strict  and  profwr  meaning  of  the  woi-d  **  Vapour."  It  is  sometimes 
used  in  an  extended  sense,  identical  with  that  of  "gas,"  in  speaking 
of  substances  whose  ordinary  condition  is  the  liquid  or  solid.  It  is 
certain  that  most  substances  are  volatile^  that  is  to  say,  that  they 
can  and  do  exist  in  the  state  of  vapour,  at  all  attainable  tempera- 
tures. Many  vapours,  whose  existence  cannot  be  proved  by 
mechanical  or  chemical  prrxiesses,  are  obvious  to  the  sense  of  smell; 
for  example,  those  of  iron,  copper,  lead,  and  tin.  Whether  all  8ul>- 
stances  are  volatile  at  all  temf>eratures  is  yet  uncertain.  If  there 
be  cases  of  exception,  it  is  to  be  understood  that  the  laws  stated  in 
the  sequel  of  this  Article  do  not  apply  to  them. 

III.  Pressure  and  Density  of  Vapours. — For  each  volatile  sub- 
stance at  each  temi>ei'ature,  there  is  a  certain  pressure  which  is  at 
once  the  least  pressure  under  which  the  substance  can  exist  in  the 
liquid  or  solid  stat<^,  and  the  greatest  pressure  which  it  can  sustain 
in  the  gaseous  state  at  the  given  tempemture.  That  pressui-e  is 
called  the  pressure  of  saturaticm^  or  the  pressure  of  vapofir  of  the 
given  substance  at  the  given  temj)erature ;  it  is  a  function  of  the 
temperature;  and  the  density  of  the  vajwur  is  a  function  of  the 
pn'KSure  and  the  tenifwiuture.  The  relation  between  the  pressure 
of  vaj)our  and  the  teniperatui*e,  for  various  substances,  has  been  the 
subject  of  many  series  of  ex{)enment8,  of  which  the  latest  and  beat 
ai-e  those  of  M.  Regnault  on  steam  {Memoirs  de  rAcadende  des 
SdenoeSy  1847),  and  on  various  other  vapours  {Coniptes  Rendus^ 
1854).  The  best  sources  of  information  as  to  the  pressures  of 
vapours  are  the  tables  computed  by  M.  Regnault  from  those  experi- 
ments; but  such  pressures  may  also  be  computed  in  most  cases  with 
great  accuracy  by  the  aid  of  a  formula,  which,  with  the  constanfei 
applicable  to  vapours,  as  deduced  from  M,  Regnaulfs  experiments^ 
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was  first  given  in  the  EdinJbwrgh  PhUonophiccU  Jourrial  for  July, 
1849,  and  afterwards,  with  revised  constants,  in  the  Philosophical 
Magaaine^  Dec.,  1854.  The  following  is  the  formula  for  calculating 
the  pressure  p  of  vapour  from  the  absolute  temperature  t  =  T  + 
461*-2  Pahr.  of  the  boiling  point  :— 

log;>  =  A-?--5 (1.) 

The  following  is  the  inverse  formula  for  calculating  the  absolute 
temperature  of  the  boiling  point  from  *.he  pi-essui-e : — 

The  following  are  the  values  of  the  constants  in  the  formula,  for 
temperatures  in  degrees  of  Fahrenheit,  and  pi*essures  in  pounds  on 
the  square /cot: — 

Fluid.  a.  log  r         log  a  ^  ^^^ 

Water, 8-2591  ...  3-43642. ..5-59873.. .0003441. .000001184 

Alcohol,  ...  7*9707  ...  3-31233. ..575323.. .0-001812. ..0-000003282 
iEther, 7*5732  ...  3-31492. ..5-21706. ..0-006264. ..000003924 

^'^Ib.,^^}  73438  ••  3*3o728-  5-21839. ..0006136... 000003765 

Mercury,...  7-9691  ...  37 2284 

For  inches  of  mercury  at  32*^,  subtract  froui  A, 1-8496 

„       lb.      oil  the  square  inch,  „  A, 21584 

For  the  Centigrade  scale,  subtmct  from  log  B, 0255  27 

»  logC, 051054 

D 

multiply  .j-T^  by  i  -G 

^       4"C2  ^^'  3  24 

From  the  preceding  formula  and  constants  were  calculcated  the 
pressures  in  Tables  IV.  and  VI.  for  steam,  and  Table  V.  for  aether, 
at  the  end  of  this  volume.     (See  Diagram  facing  jmge  572.) 

The  general  result  of  such  formulee  and  tables  is,  that  the  pressure 
of  vapour  increases  with  the  temperature  at  a  rate  which  itHt^lf 
increases  rapidly  with  the  temperature.  If  any  vapour  were  a  jKjr- 
fect  gas.  its  dmmty  Dj,  at  any  temperature  T^,  might  easily  be 
computed,  when  its  density  D^,  at  some  other  temperature  Tj,  lind 
been  ascertained  by  experiment,  by  means  of  the  formuli, 
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Dj  (Tj  +  46r-2  Fahr.)         D,  (T,  +  461 '2  Fahr.)  ,    ,,  ^. 

Pi  P\ 

in  which  /).  ftnd  p^  aro  the  pressures  of  the  vapour  at  the  tempera- 
tures Tj  aua  Tj  I'esiHJCtively ;  but  no  vapour  is  an  absolutely  jmt- 
fect  gas;  and  the  density  of  every  vapour  increases  more  rapidly 
with  increase  of  pressun^  than  that  which  would  be  given  by  the 
above  formula.  That  formula,  however,  is  sufficiently  ntuir  tht? 
tnith  for  practical  purposes  when  the  density  of  the  vapour  in  below 
certain  limits,  as  is  the  case  with  the  vapours  of  most  substances  at 
the  temperatures  which  usually  occur  in  the  atmosphon*.  The 
experimental  determination  of  the  densities  of  vapours,  to  a  (HTtain 
rough  degree  of  approximation,  sutficicnt  to  enable  the  formula  (1  a) 
to  be  applied,  is  easy,  and  is  assisted  by  a  knowledge  of  their  chemi- 
cal composition,  in  consequence  of  the  well  established  lawn,  JirMi. 
that  perfect  gases  combine  by  volumes  in  simple  numerical  ration; 
only;  and,  secondly,  that  the  volume  of  a  given  weight  of  a  compound 
perfect  gas  always  bears  simple  numerical  ratios  to  the  volurat's 
which  its  constituents  would  occupy  separately.  Examples  of  the 
application  of  these  laMrs  are  given  in  the  case  of  steam,  in  Art.  202, 
equations  4, 5,  and  in  some  parts  of  Table  II.,  marked  thus,  \  Tlie 
direct  experimental  determination  of  the  densities  of  vapours,  to  a 
degree  of  accuracy  sufficient  to  show  the  eoMct  amount  of  their 
deviation  from  the  perfectly  gaseous  condition,  has  not  yet  been 
ficcomplished.  A  method  of  computing  the  probable  value  of  such 
densities  theoretically,  fmm  the  heat  which  disappears  in  evaporating 
a  given  quantity  of  the  substance,  will  be  explained  in  Chapter  III. 
IV.  Atmospheres  of  Vapour — Spfieroidal  »SVa/e.— From  what  has 
been  slated,  it  a[>poars  that  every  solid  or  liquid  substance  in  a 
state*  of  molecular  equilibrium,  wherever  it  is  not  envelojM»d  by 
another  solid  or  liquid  substance,  is  enveloped  by  an  atmosphere  of 
its  own  vai)our,  of  a  density  snd  pressure  dei)ending  on  the  tempera- 
ture ([trovidcd  the  substance  is  volatile  at  that  temperature).  It 
has  been  suggested  as  a  hypothesis,  that  the  density  of  a  very  thin 
layer  of  this  atmos])here,  immediately  adjoining  the  surface  of  such 
liquid  or  solid,  may,  owing  to  the  attraction  of  the  liquid  or  solid, 
be  much  greater  than  the  density  at  considerable  distances,  and  that 
the  elasticity  of  an  atmosphere  of  va[)our  so  constituted  may  be  the 
cause  of  that  resistance  to  being  brought  into  absolute  contact, 
which  is  displayed  by  the  surfaces  of  solid  and  liquid  bodies  in 
general  {e,  g,,  when  raindrops  roll  on  the  surface  of  a  river),  and 
which  i»  so  great  at  high  temperatures  as  to  produce  what  is  called 
the  **9pn^o{dal  state**  of  masses  of  liquid,  in  which  they  remain 
suspended  over  hot  solid  surfaces  with  a  visible  interval  between. 
The  only  substance    on  the  earth's  surface  which  is  sufficiently 
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abundant  to  pervade  the  whole  of  the  earth's  atmosphere  at  all  times 
with  vapour  to  an  amount  appreciable  by  mechanical  and  chemical 
processes,  is  water. 

V.  Mixtures  of  Vapours  and  Gases. — It  has  already  been  ex- 
plained, in  Article  199,  that  the  pressure  exerted  against  the  interior 
of  a  vessel  by  a  given  quantity  of  a  perfect  gas  enclosed  in  it,  is  the 
sum  of  the  pressures  which  any  number  of  parts  into  which  such 
quantity  might  be  divided  would  exei-t  se])aiutely,  if  each  were 
enclosed  in  a  vessel  of  the  same  bulk  alone,  at  the  same  tempera- 
ture ;  and  that,  although  this  law  is  not  exactly  true  for  any  actual 
gas,  it  is  very  nearly  true  for  many.  Thus,  if  0-080728  lb.  of  air, 
at  32**,  being  enclosed  in  a  vessel  of  one  cubic  foot  of  capacity,  exerts 
a  pressure  of  one  atmosphei-e,  or  14*7  lbs.,  on  each  square  inch  of 
the  interior  of  the  vessel,  then  wiU  each  additional  0*080728  lb.  of 
air  which  is  enclosed,  at  32°,  in  the  same  vessel,  produce  very  nearly 
an  additional  atmosphere  of  pressure.  It  has  now  further  to  be 
«»xplained,  that  the  same  law  is  ajyplicahh  to  mixtures  of  gases  of  dif- 
ferent kinds.  For  example,  0 '12344:  lb.  of  carbonic  acid  gas,  at 
32°,  being  enclosed  in  a  vessel  of  one  cubic  foot  in  capacity,  exerts 
a  pressing  of  one  atmosphere;  consequently,  if  0-080728  lb.  of  air 
and  U- 12344  lb.  of  carbonic  acid,  mixed,  be  enclosed  at  the  tem- 
perature of  32°  in  a  vessel  of  one  cubic  foot  of  capacity,  the  mixture 
will  exert  a  pressure  of  two  atmospheres.  Asa  second  example : 
let  0-080728  lb.  of  air,  at  212°,  be  enclosed  in  a  vessel  of  one  cubic 
foot,  it  will  exert  a  pi-essui-e  of 

212"  +  461°-2       .  _.    ^ 
^-^a-— 2g|o..;  =  l'^'^-'^  atin()s])here. 

Let  003797  lb.  of  steam,  at  21 2**,  be  enclosed  in  a  vessel  of 
one  cubic  foot :  it  will  exert  a  pres-sure  of  one  atmosphere.  Con- 
sequently, if  0080728  lb  of  air  and  003797  lb.  of  steam  be 
mixed  and  enclosed  together,  at  212°,  in  a  vessel  of  one  cubic  foot, 
the  mixture  will  exert  a  pressure  of  2-365  atmospheres.  It  is  a 
common  but  erroneous  practice,  in  elementary  books  on  physics,  to 
describe  this  law  as  constituting  a  dijferenee  between  mixed  and 
homogeneous  gases;  wheiv.as  it  is  obvious,  that  for  mixed  and  ho- 
mogeneous gases  the  law  of  pressure  is  exactly  the  same, — viz.,  that 
the  pressure  of  the  wJiole  of  a  gaseous  mass  is  t/is  sum  of  the  pressures 
of  all  its  parts.  This  is  one  of  the  laws  of  mixtures  of  gases  and 
vapontR.  A  second  law  is,  that  the  presence  of  a  foreign  gaseous 
substance  in  contact  with  the  surface  of  a  solid  or  liquid,  does  not  affect 
die  density  of  the  vapour  of  that  solid  or  liquid,  unless  (as  M.  Regnault 
lias  recently  shown)  there  is  a  tendency  to  chemical  combination 
between  the  two  suljstances,  in  which  case  the  density  of  the  vapour 
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is  slightly  increased.  For  example :  let  there  be  a  mass  of  liquid 
water  in  a  receiver,  at  the  temperatui'e  of  212',  and  above  the  sur- 
face of  the  liquid  water  let  there  be  a  space  of  one  cubic  foot ;  it  is 
necessary  to  molecular  equilibrium  at  the  given  tem^ierature  of  212% 
tliat  that  space  of  one  cubic  foot  should  contain  0*03797  lb.  of  steam, 
whether  the  space  be  void  of  all  other  substances,  or  tilled  with  any 
quantity  of  air,  or  of  any  other  gaseous  substance  which  docH  not 
exert  an  appreciable  chemical  attraction  on  the  water.  To  illus- 
trate the  law  further,  let  the  temperature  of  the  water  be  50°;  then 
it  is  necessary  to  molecular  equilibrium  that  the  space  of  one  cubic 
foot  above  the  water  should  contain  0  00058  lb.  of  watery  vafK)ur, 
whether  and  to  what  amount  soever  air,  or  any  other  gaseouA  sub- 
stance not  chemically  attracting  the  water,  is  contained  in  the  same 
flpace.  This  and  the  preceding  law  of  mixtures  of  gaaes  and  va|K)urs 
(discovered  by  Dalton  and  Gay-Lussac),  enable  the  following  ques- 
tion to  be  solved  : — PrMem.  Given  the  total  pressure  P,  of  a  mix- 
ture of  a  gas  and  of  a  given  vapour,  in  a  8[)ace  saturated  witli  the 
va}K)ur  at  the  temi)erature  T;  required  the  pressure  and  density  of 
the  gas  sei)arately. — JSolutwn.  Find,  from  a  table  of  experiments,  or 
fi-om  a  formula,  the  pressure  of  saturation  of  the  vaj>our  for  tiie 
given  temperature  T;  let  it  be  denoted  by  p;  then  the  pressure  of 
the  gas  is  P  —  p;  and  its  density  is  less  than  the  density  wliich  it 
would  have  had  under  the  pressure  P,  if  no  vapour  had  been  pre- 
sent, in  the  ratio 

V-p 
P 

Exa7ii2)le.  A  space  contains  mixed  air  and  steam,  bein^  saturated 
with  steam  at  50",  and  the  total  pressure  is  14*7  lbs.  on  the  s^piare 
inch ;  what  is  the  pressure  of  the  air  8<»i>arately,  and  what  weight  of 
air  is  contained  in  each  cubic  foot  of  the  s|>ace  ? — A  ntncer.  Either 
from  M.  Regnault's  experinient.M,  or  frera  the  formula  already  cite<l, 
it  ap[)eai-8  tliat  tlie  j)ressuiv  of  the  steam  is  0*173  lb.  i>er  squaix* 
inch;  consequently,  the  [)ressure  of  the  air  sejmrately  is  14*7  — 
0*173  ^  14*527  lbs.  |)er  square  inch.  Also,  the  weight  of  air  in  a 
cubic  foot,  at  14*7  lbs.  per  8(juare  inch  and  50°,  had  there  l)ecn  no 
steam  present,  would  have  Xmen 

0*080728  X  /i()o^^'^4cV*2  =  ^'^"''"^^  ^^'' 

•consequently   the  weight  of  air  actually  jiresent  along  with   the 

.Hteam,  in  a  cubic  f<xit,  is 

14.. 597 

0-077885  X  -Ti  :    =  007098  lU 
14w 
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A  second  pi'oblem  is,  to  find  the  density  of  the  mixture  of  giis  and 
vapour ;  which  is  solved  by  adding  to  the  density  of  the  gas  ali-eady 
found,  the  density  of  the  vapour  as  computed  by  the  methods  for- 
merly referred  to.  Thus,  in  the  case  last  given,  it  appears,  by  com- 
puting from  the  latent  heat  of  evaporation,  that  the  weight  of  steam 
in  a  cubic  foot  is  0-00058  lb. ;  consequently,  the  weight  of  a  cubic 
foot  of  the  mixture  of  air  and  steam  is  0*07698  +  0  00058  = 
0-07756  lb.  With  resfiect  to  the  amount  of  the  deviations  from 
the  foregoing  laws,  which  occur  when  the  ingredients  of  the 
gaseous  mixture  have  a  chemical  affinity  for  each  other,  the  reader 
is  Inferred  to  the  later  researches  of  M.  Regnault  already  mentioned, 
Comptes  Bendus,  1 854. 

VI.  Evaporation  arul  Condensation, — ^When  the  density  of  the 
vaporous  atmosphere  of  a  solid  or  liquid  is  diminished,  either  by 
the  enlargement  of  the  space  in  which  the  substance  is  contained, 
or  by  the  removal  of  part  of  the  vapour,  whether  by  mechanical 
displacement  (as  when  it  is  blown  away  by  a  current  of  air)  or  by 
condensation  in  an  adjoining  space,  the  solid  or  liquid  evaporates 
until  equilibrium  is  restored,  by  the  restoi-ation  of  the  vapour  to  the 
density  corresponding  to  the  existing  temperature.  The  same  thing 
takes  ])lace  when  the  molecular  equilibrium  is  disturbed  by  commu- 
nicating heat  to  the  solid  or  liquid.  When  the  density  of  the 
vajwrous  atmosphere  is  increased,  either  by  the  contraction  of  the 
B\ieLce  in  which  the  substance  is  contained,  or  by  the  addition  of 
vapour  from  another  source,  part  of  the  vapour  condenses  until 
equilibrium  is  restored  as  before.  The  same  thing  takes  place  when 
the  molecular  equilibrium  is  disturbed  by  abstracting  heat  from  the 
vajiour.  Evaporation  is  accompanied  by  the  disappearance  of  heat, 
called  the  Latent  Heat  of  Evaporation,  and  condensation  by  the 
re-appearance  of  heat,  according  to  laws  to  be  stated  in  Section  2  of 
this  Chapter.  When  the  space  above  the  solid  or  liquid  is  void  of 
foreign  substances,  the  restoration  of  equilibrium  is  sensibly  instan- 
taneous ;  wlien  that  sjmce  contains  foreign  gaseous  substances,  the 
restoration  of  equilibrium  is  more  or  less  retarded,  although  the 
conditions  of  equilibrium  (as  stated  in  Division  V.  of  this  Article) 
are  not  changed.  It  is  the  retardation  of  the  diffusion  of  watery 
va)K)ur  by  the  presence  of  air  which  prevents  every  part  of  the 
earth's  atmosphere  from  being  always  saturated  with  moisture. 

VII.  Ebidlitum, — When  the  communication  of  heat  to  a  liquid 
mass  and  the  removal  of  the  vapoiur  are  carried  on  continuously,  so 
that  the  ))ressure  throughout  the  mass  of  liquid  is  not  gi*eater  than 
that  of  saturation  for  its  temperature,  evaporation  takes  place,  not 
merely  from  the  exposed  surface  of  the  liquid,  but  also  from  its 
interior:  it  gives  out  bubbles  of  vapour,  and  is  said  to  boil.  The 
ascertaining  by  experiment  of  the  temperatures  of  ebullition,  or 
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ffoUing  points,  of  a  liquid  under  various  pi'essures,  is  the  most  accu- 
tute  method  of  determining  the  relation  between  the  temperature 
and  prt*ssure  of  saturation  of  its  vapour.  Conversely,  when  that 
i*elation  is  known  for  a  given  fluid,  and  expressed  by  formula?  or 
tables,  the  boiling  point  of  the  fluid  may  be  made  the  means  of 
measuring  the  pressure  on  it.  On  this  principle  is  founde<l  the 
method  invented  by  Wollaston,  and  since  jjerfected  by  Dr.  J.  D. 
Forbes,  of  deducing  the  atmospheric  pressure,  and  thence  the  eleva- 
tion of  the  place  of  observation,  from  the  boiling  point  of  water  in 
an  open  vessel,  as  measured  by  a  very  delicate  thermometer.  (Si*e 
Sdinburgh  Transactional  vols.  xv.  and  xxi.) — When  the  term  boiling 
paint  of  a  fluid  is  used  without  qualiflcation,  it  means  the  boiling 
i)oint  under  the  average  atmospheric  pressure  of  14*7  lbs.  on  the 
square  inch. 

VIII.  Resistance  to  BoUing — Brine. — The  presence  in  a  liquid 
of  a  substance  dissolved  in  it  (as  salt  in  water),  resists  ebullition, 
.md  raises  the  temperature  at  which  the  liquid  boils,  under  a  given 
[)ressure;  but  unless  the  dissolved  substance  entei-s  into  the  coniiK)- 
sition  of  the  vapour,  the  relation  between  the  temperature  and 
[)ressure  of  saturation  of  the  latter  njmains  unchanged.  A  resist- 
ance to  ebullition  is  also  oflei-ed  by  a  vessel  of  a  material  which 
attracts  the  liquid  (as  when  water  boils  in  a  glass  vessel),  and  the 
boiling  takes  plaee  by  stai^ts.  To  avoid  the  eiTors  which  causes  of 
this  kind  pix>duce  in  the  measurement  of  boiling  points,  it  is  advis- 
able to  i)lace  the  thennometer  not  in  the  liquid,  but  in  the  vapour, 
which  shows  the  true  boiling  point,  freed  from  the  disturbing  effect 
of  the  attractive  nature  of  the  vessel.  The  boiling  point  of  satui'* 
ated  brine  under  one  atmosphere  is  226*^  Fahr.,  and  that  of  weaiker 
l)rine  is  higher  than  the  boiling  point  of  pure  water  by  P'2  Fahr. 
i'or  each  A  of  salt  that  the  water  contains.  Avei-age  sea  water 
contains  ^^\  the  brine  when  sea  water  was  used  in  marine  boilers, 
was  not  supj)08ed  to  contain  more  than  from  -^^  to  ^^. 

IX.  Nebulous  or  Vesicular  Vapour  is  a  condition  of  fluids,  also 
called  Cloud,  Mist,  or  Fog,  in  which  the  liquid  floats  in  the  air,  or 
in  its  own  va]X)ur,  in  the  form  of  innumerable  small  globules.  The 
condition  of  cloud  is  one  into  which  fluids  pass  from  the  state  of 
vapoiur  on  being  condensed  by  mingling  with  cold  air.  By  heat, 
the  globules  of  cloud  are  made  to  evapoiute  and  disappear;  by  cold 
they  are  made  to  coalesce  into  drops,  which  £blL\  to  the  grounc],  or 
adhere  to  neighbouring  solid  bodies. 

X.  Superheated  Vapour  means  vapour  which  has  been  brought 
to  a  temperature  higher  than  the  boiling  point  corresponding  to  ita 
nressure,  so  as  to  to  in  the  condition  of  a  permanent  gas.  (See 
Articles  295  to  299,  pages  428  to  413.) 
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Section  2. — 0/ Quantities  of  Heat. 

207.  f;«BiiHiriMn  •r  Qnaniicics  of  Hrai. — The  condition  of  heat 
is  measured  as  a  quantity,  and  its  amounts  in  difrei*eut  bodies  and 
under  diffei^nt  circumstances  compared,  by  means  of  the  changes 
in  some  measurable  phenomenon  produced  by  its  transfer  or  dis- 
appearance. Amongst  the  changes  used  for  this  purpose,  changes 
of  temperature  will  be  first  considered.  Heat  employed  in  produc- 
ing elevation  of  temperature  is  called  sensible  heat. 

In  so  using  changes  of  temperatui'e,  it  is  not  to  be  taken  for 
granted  that  equal  differences  of  temperature  in  the  same  body 
corres[)ond  to  equal  quantities  of  heat.  This  is  the  case,  indeed,  for 
perfectly  gaseous  bodies;  but  that  is  a  fact  only  known  by  experi- 
ment In  bodies  in  other  conditions,  equal  differences  of  tern  pent- 
tuixi  do  not  exactly  con-espond  to  equal  quantities  of  heat.  To 
ascertain,  thei^jfore,  by  an  experiment  on  the  changes  of  temperature 
of  any  given  substance,  what  proportion  two  quantities  of  heat  bear 
to  each  other,  the  only  method  which  is  of  itself  sufficient  in  the 
absence  of  all  other  experimental  data,  is  the  comparison  of  the 
tceiglUs  of  that  substance  which  are  raised  from  one  and  the  same 
lower  temperature,  to  one  and  the  same  higher  fixed  temperaturo, 
by  the  transfer  to  them  of  the  two  quantities  of  heat  respectively. 
For  example,  the  double  of  the  quantity  of  heat  which  raises  the 
temperature  of  one  pound  of  water  from  32°  to  32''  +  30°  =  62*», 
is  not  exactly  the  quantity  of  heat  which  raises  the  temperature  of 
one  pound  of  water  from  32°  to  32°  +  60°  =  92° ;  but  it  is  exactly 
the  quantity  of  heat  which  raises  the  temperature  of  tioo  pounds  of 
water  from  32°  to  62°. 

The  most  usual  experiments  on  quantities  of  heat  aro  those  in 
which  the  equality  of  two  quantities  of  heat  is  ascertained.  For 
example,  m  pounds  of  a  substance  A,  at  a  temperature  T,,  and  n 
pounds  of  a  substance  6  at  a  lower  temperature  Tg,  are  brought 
into  close  contact,  and  either  they  are  guarded  against  the  transfet 
of  heat  to  or  from  third  bodies,  or  if  such  transfer  is  unavoidable, 
its  amount  is  ascertained  and  allowed  for.  After  a  sufficient  time 
has  elapsed,  equilibrium  of  temperature  takes  place,  by  both  bodies 
acquiring  tlie  same  temperaturo  T^,  intermediate  between  Tj  and  Ty 

Then  a  certain  amount  of  the  condition  called  heojt  has  been 
transferred  from  A  to  B ;  and  the  effects  of  that  transfer  aro — 

I.  The  lowering  of  the  tempei*aturo  of  m  pounds  of  A  from  Tj  toTj ; 

II.  The  raising  of  the  temperature  oin  pounds  of  B  from  Tj  to  Tg; 
from  which  we  conclude,  that  the  quantities  of  heat  corresponding 
to  those  two  effects  are  equal. 

A  further  inference  from  the  same  experiment  is  the  following 
proportion : — 


244  STEAM  AND  OTHER  HEAT   ENGINES. 

-^    Quantity  of  heat  corresponding  to  the  interval  of  temperature 
between  T,  and  T^  in  the  substance  A, 
:  Quantity  of  heat  corresponding  to  the  interval  of  temperature 
""       between  Tj  and  Tg  in  the  substance  B 

I  :  n  ,  m. 

The  same  mode  of  experimenting  may  be  applied  to  two  portions 
of  the  same  substance,  so  as  to  compare  the  quantities  of  heat 
corresponding  to  intervals  of  temperature  in  different  parts  of  the 
theimometric  scale. 

207  A.  A  €«iorimeier.  Or  instrument  for  measuring  quantities  of 
heat,  consists  essentially  of  a  vessel  containing  a  known  weight  of 
some  convenient  liquid,  such  as  water  or  mercury — ^a  thermometer 
for  indicating  the  temperature  of  that  liquid, — and  if  necessary,  an 
agitator,  or  fan,  for  making  the  liquid  circulate.,  in  order  that  all  its 
parts  may  be  at  an  uniform  tempemture  at  the  same  instant. 

Experiments  of  the  kind  mentioned  in  Article  207  are  performed 
by  immersing  in  the  liquid,  or  mixing  with  it,  a  known  weight  of 
the  substance  to  be  experimented  on,  at  a  known  temperature, 
different  from  the  temperature  of  the  liquid,  and  noting  the  com- 
mon temperature  of  the  liquid  and  of  the  immersed  substance  when 
equilibrium  of  temperature  is  restored;  taking  care  at  the  same 
time  that  all  losses  of  heat,  and  other  causes  of  en*or,  are  ascertained 
and  allowed  for. 

In  testing  the  power  and  efficiency  of  steam  engines,  it  is  of 
importance  to  know  the  condition  of  the  steam.  The  method 
genei-ally  adopted  is,  to  draw  a  sample  from  the  steam  pi|ie 
supplying  the  engine,  and  pass  it  into  a  calorimeter,  arrange*!  so 
as  to  show  the  amount  of  water  in  the  steam. 

Various  forms  of  such  instruments  have  been  devised,  the 
simplest  being  an  arrangement  like  a  surface  condenser,  the  bteam 
to  be  tested  being  condensed  while  passing  through  small  tuben. 
A  good  modern  ibrm  of  calorimeter  is  that  described  by  Prof. 
R.  C.  Carpenter  in  a  paper  presented  at  the  St.  Louis  meeting 
(May,  1896)  of  the  American  Society  of  Mechanical  Engineers. 

208.  iJnii  wf  Henc — For  the  purpose  of  expi-essing  and  comfwr- 
ing  quantities  of  heat,  it  is  convenient  to  adopt  as  an  unit  of  heat 
or  THERMAL  UNIT,  that  quantity  of  heat  which  corresponds  to  some 
definite  interval  of  temperature  in  a  definite  weight  of  a  particular 
substance. 

The  thermal  unit  employed  in  Britain  is — 

Tlie  qtuuttUy  qfJuat  which  corresj/onds  to  an  interval  of  one  degi'ee 
o/  FaJirenJieU's  scale  in  Uie  temperature  of  one  pound  of  pure  liquid 
uxUeTf  at  a/nd  nea/r  its  temperature  of  greatest  density  (39  •!  Fahren- 
heit). 

The  reason  for  the  limitation  tio  that  part  of  the  scale  of  tem 
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perature  which  is  near  the  temperature  of  the  greatest  density  of 
water  is,  that  the  qiuuitity  of  heat  correspondiDg  to  an  intei-A'al  of 
one  degree  in  a  given  weight  of  water  is  not  exactly  the  same  iu 
different  parts  of  the  scale  of  temperatures,  but  iiicreajses  as  the 
temperature  rises,  accuixiing  to  a  law  which  will  be  stated  in  the 
next  Article. 

For  temperatures  not  higher  than  SO""  Fahrenheit^  that  quantity 
is  sensibly  constant. 

The  thermal  unit  employed  in  France  (called  Calorie)  is  the 
quantity  of  heat  which  coixesponds  to  an  intei-val  of  one  Centigrade 
degree  in  the  temperature  of  one  kUogramins  of  pure  liquid  water, 
at  and  near  it8  temperature  of  greatest  density. 

The  following  statement  shows  the  mutual  ratios  of  the  British 
and  French  units  of  weight,  temperature,  and  heat,  with  tha 
logarithms  of  those  ratios : — 

fiatios.  Logarithm^^ 

Pounds  avoirdupois  in  a  kilogramme, 2-20462         0*3433340^ 

Kilogramme  in  a  lb.  avoirdupois, o '453593       i  •6566660- 

Fahrenheit  degrees  in  a  Centigrade  degree,  1*8  0*2552725. 

Centigrade  degree  in  a  Fahrenheit  degree,  ...0555  1 7  44 7  27  5 . 

British  thermal  units  in  a  French  theimal  \       ^o  ^  ^^or  r- 

unit, /  3-96332         05986065, 

French  thermal  unit  in  a  British  thermal  |  ^       — 

unit, /  0-25x996       1-4013935. 

Other  units  in  which  quantities  of  heat  can  be  expressed  will  he 
afterwards  explained. 

201).  SprcMc  Heat  oi  EAnmi4m  and  A^iids. — ^The  specific  JiecU  of  a 
substance  means  the  quantity  of  heat,  expressed  in  theraial  units,, 
which  must  be  transferred  to  or  from  an  unit  of  weight  (such  as  a 
pound)  of  a  given  substance,  in  order  to  raise  or  lower  its  tempera- 
ture by  one  degree,  at  a  certain  specific  temperature. 

According  to  the  definition  of  a  thermal  unit  given  in  Article 
208,  the  s|)eeiiic  heat  of  liquid  water  at  and  near  its  tem^x^ratiu'e 
of  maximum  density  is  unity;  and  the  specific  heat  of  any  other- 
substance,  or  of  water  itself  at  another  part  of  the  scale  of  teui 
IK'ratures,  is  the  ratio  of  tJie  weiglU  of  ivater  at  or  near  Sd'^'l 
Fahrenheit,  which  has  its  tempera>ture  altered  one  degree  by  the 
trajisfer  of  a  given  qtuirUity  of  Jieat^  to  t/ie  toeight  of  tlis  oUier  sub- 
stance under  consideration,  which  has  its  temperature  altered  one 
degree  by  the  transfer  of  an  equol  qv/injtity  of  heat :  the  equality  of 
quantities  of  heat  being  ascertained  in  the  manner  explained  in 
Article  207. 

The  specific  heat  of  a  substance  is  sometimes  called  itb  "  capacity 
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The  specidc  heats  of  the  substances  to  which  reference  will  atler- 
wards  have  to  be  made  in  this  treatise,  as  expressed  in  ordinary 
thermal  units,  are  given  in  the  columns  headed  C  in  Table  IL,  at 
the  end  of  the  volume. 

So  far  as  those  tables  relate  to  liquids  and  solids,  those 
quantities  ai-e  to  be  i-egarded  as  mei^ely  approximate  average 
values,  near  enough  to  the  truth  for  practical  purposes  at  the 
temperatures  which  usually  occur;  for  the  specific  heat  of  eveiy 
substance  in  the  liquid  or  solid  state  is  variable,  becoming  greater 
as  the  temperature  rises;  and  that  to  an  extent  which  is  in  general 
greater,  the  more  expansible  the  substance  is. 

The  only  substance  for  which  the  exact  law  of  that  variation  has 
beeu  ascertained  is  water,  on  whose  specific  heat  a  series  of  precise 
experimonts  was  made  by  M.  Regnault,  and  published  in  the 
Menwirit  of  the  Academy  of  ISciences  for  1847. 

The  following  empiricad  formuhe,  first  {>ublished  in  the  Trails- 
actions  of  the  Royal  Society  of  Edinbimjh  for  1851,  represent  veiy 
closely  the  results  of  those  experiments. 

Let  T  be  the  temperature  of  the  water,  reckoned  from  the 
ordinary  zero  of  Fahrenheit's  scale.  Then  the  specific  heat  of 
water  at  that  tempei-atui-e  is 

c=l +0-000000309  (T-39M)2; (1.) 

the  number  of  units  of  heat  required  to  raise  one  pound  of  water 
from  any  temperature  T^  to  any  other  temperature  Tj  is  as 
follows : — 

/t  =  J\ fl^ T  =  Tg - Ti  +  0000000103  { (T^ -- 39°-l)3 

-(Ti-39<'-l)s}  (2.) 

and  the  mewt^  specific  1ie<U  between  any  given  pair  of  temperatures, 
Tj  and  Tg,  is 

ffA-frr  =  1  +  0-000000103  {(Tg-  39°1)2 

+  (T2-39M)(Ti-39M)  +  (Ti-39M)2} (3.) 

To  adapt  these  formulae  to  the  Centigrade  scale,  the  following 
alterations  are  to  be  made : — 

for  0000000309  is  to  be  put  0-000001 ; 
for  0000000103  „  000000033 ; 

forT-39°-l,  „  T-40. 

The  exact  equivalent  of  39'*1  Fahrenheit  is  S^'^i  Centigrade;  but 
4^  is  sufiicieutly  near  the  truth  for  the  present  purpose. 
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In  calculations  respecting  the  quantities  of  heat  requiiml  by 
masses  composed  of  various  materials  to  produce  given  alterations 
of  temperature,  it  is  convenient  to  substitute  for  the  weight  of  each 
material  an  equivalent  weight  of  water,  and  then  to  calculate  for 
the  whole  mass  as  if  it  were  composed  of  water.  The  equivalent 
weight  of  water  is  found  in  each  case  by  multiplying  the  weight  of 
the  material  in  question  by  its  specific  heat. 

Suppose,  for  example,  that  a  calorimeter  contains  m  pounds  of 
water,  and  that  the  vessel  and  the  agitator  are  made  of  copper,  and 
weigh  q  pounds.  The  solid  part  of  the  apparatus  accompanies  the 
water  in  its  changes  of  temperature;  and  the  heat  required  to  pro- 
duce these  changes  must  be  taken  into  account.  This  is  con- 
veniently done  by  supposing  that  for  the  q  pounds  of  copper  there 
ait?  substituted  0951  q  pounds  of  water  ('09/^1  being  the  specific 
heat  of  copper);  and  then  computing  the  results  of  experiments 
made  with  the  calorimeter  as  if  it  consisted  solely  of 

m  +  -0951  q  pounds  of  water. 

The  following  are  the  specific  heats  of  a  few  liquids  and  solids, 
in  addition  to  those  given  in  Table  II.  at  the  end  of  the  volume. 
Some  are  given  on  the  authority  of  M.  Regnault ;  some  on  that 
of  Lavoisier  and  Laplace,  some  on  that  of  Dalton,  and  the  specific 
heat  of  ice  on  that  of  M.  Person. 

Ice, 0504 

Sulphur, 0-20259 

Charcoal, 0*2415 

Coal  and  coke  average, 0-201 

Alumina  (Conindum), 0-19762 

Do.       (Sapphire), 0*21732 

Silica, 019132 

(Brick,  being  composed  of  silica  and  alumina,  has  probably  a 
specific  heat  of  about  0-2). 

Flint  glass, 0-19 

Carb<mate  of  lime, 0-2085 

Quicklime, 0-2169 

Maguesian  limestone, 0-21743 

(Stones,  being  composed  chiefiy  of  silica,  alumina,  and  carbo- 
nates of  lime  and  magnesia,  have  probably  specific  heats  not 
differing  greatly  from  0*2  or  0-22). 

Olive  oil, 0*3096. 

From  some  of  the  above  data  may  be  deduced  the  useful  pi-ao- 
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tical  conclusion,  that  the  average  specific  ItecU  of  the  nonrfmUdlic 
motet  ial8  and  contents  of  a  Jumace,  wJtetker  brides,  stones^  cr  fud^ 
does  not  gready  d'iffer  from  oue-fifbh  of  thai  ofwaler. 

It  was  discovered  by  Dulong  and  Petit,  and  has  been  verified  by 
MM.  Begnault,  Newmann,  and  Avogadro,  that  most  known 
substances  may  be  arranged  according  to  the  analogies  of  their 
chemical  constitution  in  groups ;  and  tliat  in  any  one  given  gix>up 
the  specific  heats  of  the  substances  are  with  few  exceptions  inversely 
as  their  chemical  e(piivalents  ;  or,  in  other  words,  that  the  product 
of  the  specific  heat  of  a  substance  by  its  chemi(»I  equivalent  is  a 
constant  for  most  of  the  substances  in  one  group. 

For  most  of  the  metals,  for  example,  that  constant  pixxluct  is, — 

According  to  the  French  scale  of  chemical  equivalents,... 37 -5; 
According  to  the  English  scale, 6* 

210.  SiMtriac  Heal  of  Oasrs. — Although  the  exact  value  of  the 
specific  heat  of  air  was  predicted  by  an  indirect  calculation  in 
1850,  neither  it,  nor  that  of  any  other  gas,  was  determined  accu- 
rately by  direct  experiment  until  M.  Regnault  made  his  experi- 
ments on  that  subject,  the  results  of  which  were  published  in  the 
Comptes  Rendus  of  the  Academy  of  Sciences  for  1853. 

The  specific  heat  of  a  gas  which  is  nearly  in  the  perfectly  gaseous 
state  does  not  sensibly  vary  with  density  or  with  temperature ;  so 
that  for  such  a  gas,  equal  intervals  of  temperature  correspond  to 
equal  quantities  of  heat  on  all  parts  of  the  thennometric  scales.' 

Hence  it  has  been  inferred  as  probable,  that  the  absolute  zero  of 
the  perfect  gas  thermometer  (Article  201)  coincides  either  exactly,  or 
veiy  nearly,  with  the  absolute  zero  oflvtaJt,  or  temperature  at  which 
bodies  are  wholly  destitute  of  the  condition  called  heat  This 
inference  is  corroborated  by  facts  to  be  mentioned  in  Chapter  IIL 
of  this  Part. 

It  was  shown  by  Laplace  and  Poisson,  that  the  specific  heat  of  a 
^as  is  different,  according  as  it  is  maintained  at  a  cwnstaid  voluinSy 
or  at  a  constant  pressure,  during  the  operation  of  changing  its  tem- 
pei-ature,  and  that  the  ratio  which  these  two  8|)ecific  heats  bear  to 
each  other  is  connected  with  the  velocity  with  which  sound  is  trans- 
mitted through  the  gas,  in  the  following  manner  : — 

When  a  pound  of  a  given  gas  is  enclosed  in  a  vessel  of  invariable 
volu7ne,  let  c,  denote  the  number  of  units  of  heat  required  in  order 
to  raise  its  tenijjerature  one  degi-ee. 

When  the  same  weight  of  the  same  gas  is  contained  in  a  space 
capable  of  enlai'gement,  and  subjected  to  a  constant  pressure,  and 
when  its  temperature  is  raised  by  one  degi'ee,  it  not  only  beco»ies 
hotter  to  the  same  extent  as  before,  but  also  expands  by  0*0020276 
of  its  volume  at  32";  and  it  is  known,  that  to  raise  its  temperature 
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one  degree,  and  expand  its  volume  by  that  fraction,  requires  a 
quantity  of  heat  c^^  which  is  greater  in  a  certain  propoi'tion  than 
that  required  merely  to  raise  its  tempemture  one  degree  without 
expanding  it  (c,). 

Let  the  ratio  -!2L  =  y.      Then  it  can  be  shown,  that  when  the 

density  of  the  gas  D  is  made  to  vary  without  any  transfer  of  heat 
to  or  from  the  gas,  the  pressure  varies  proportionally  to  that  power 
of  the  density  whose  index  is  the  ratio  y ;  that  is 


po:  By (1.) 

The  velocity  with  which  sound  is  transmitted  through  any  sub- 
stance is  the  same  with  that  which  a  heavy  body  would  acquire  in 
falling  through  one-half  of  the  height  which,  being  multiplied  by 
a  small  variation  of  the  density  of  the  substance,  gives  the  coitc- 
sponding  small  variation  of  the  pressure.  That  is,  let  u  denote  the 
velocity  of  sound ;  then 

"=v/(w) w 

According  to  equation  1,  for  a  gas, 

dp  vP  T  ,„  V 

3D  =    D-  =  '^P^  =  >P>.^o '  -; (3.) 

and  consequently, 

u=\/  (gypov,.  -V '/ =  — ^'•- a.) 

V       \  T„  /  gPiiV^,r  ' 

so  that  when  the  velocity  of  sound  at  a  given  absolute  temperature 
T  has  been  ascertained  in  a  gas  for  which  />y  i?y  is  known,  the  mtio  y 
can  be  calculated. 

The  value  of  that  ratio  for  atmospheric  air,  as  deduced  from  the 
experiments  of  MM.  Bravais  and  Martins,  and  MM.  Moll  and  Van 
Beek,  on  the  velocity  of  sound,  is 

y  =   1-408;.. (o.) 

and  the  same  value  agrees  veiy  nearly  also  with  the  experiments  of 
Dulong  on  the  velocity  of  soimd  in  oxygen,  hydrogen,  and  carbonic 
oxide.  For  the  denser  and  more  complex  gases,  its  value  appears 
to  be  smaller  (see  Edin,  Trans.,  1853,  vol.  xx  ,  page  589.) 

Owing  to  the  difficulty  of  experimenting  on  the  ppecitic  heats  of 
gases  at  constant  volume,  their  specific  heats  under  constant  pi-es- 
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sure  have  alone  been  found  by  direct  experiment  with  the  calorime* 
fcer.     Examples  of  both  kinds  of  specific  heat  are  given  in  Table  II. 

211.  WMUMt  H«Rt  means,  a  quantity  of  heat  which  has  dimp- 
peared;  having  been  employed  to  produce  some  change  oth«»r  tlian 
elevation  of  temperature.  By  exactly  reversing  that  change,  thtt 
quantity  of  heat  which  had  disap{)eared  is  reproduced. 

When  a  body  is  said  to  possess  or  contain  so  much  latent  heat, 
what  is  meivnt  is  this, — ^that  the  body  is  in  a  condition  into  which 
it  was  brought  from  a  former  different  condition  by  transferring  to 
it  a  quantity  of  heat  which  did  not  raise  its  temperature,  the  change 
of  condition  having  been  different  from  change  of  temperature ;  and 
that  by  restoring  the  body  to  its  original  condition  in  such  a  nmn- 
ner  as  exactly/  to  reverse  all  the  steps  of  the  former  process,  the 
quantity  of  lieat  formerly  expended  can  be  reproduced  in  the  body 
and  transferred  to  other  bodies. 

The  principles  according  to  which  such  diHHp{)earance  and  pro- 
duction of  heat  take  place  belong  to  the  Second  and  Third  Chapters 
of  this  Pai-t;  at  present  thefactH  are  merely  to  be  stated  as  tliey 
are  observed. 

The  effects  other  than  rise  of  temperatuiv,  pi'oduced  by  quanti- 
ties of  heat  which  disappear,  can  be  used  to  measure  and  com{)tira 
tho.<ie  quantities. 

212.  i«iKteai  Heal  of  Ezpanston. — Heat  which  disappears  in  cauj»> 
ing  the  volume  of  a  body  to  increase  under  a  given  pressure,  has 
already  been  illustrated  in  the  case  of  gases.  For  example,  to 
raise  the  temperature  of  a  pound  of  air  one  degi-ee  of  Fahrenheit, 
and  at  the  same  time  to  increase  its  volume  by  0  002027 6  of  its 
volume  at  32'',  requires  c^  =  0-238  of  a  thermal  unit;  while  the 
niei*e  rise  of  temperature,  without  expansion,  requires  only  c,  = 
0'1()D;  and  it  is  evident  that  the  difference  between  those  quanti- 
ties, or  Cp  —  c,  =  0*069  of  a  thermal  unit,  is  the  heal  which  dinap- 
pears  m  producing  tfie  hefore'inetitioned  ex^xinsion;  or,  in  other 
woi*ds,  the  latent  heat  of  expansion  of  the  air,  for  an  expansion  of 
0*0020276  of  its  volume  under  the  same  pressure  at  32^. 

The  fact  already  mentioned,  that  the  increase  of  the  specific  heat 
of  solids  and  liquids  as  the  temperature  rises  is  greatest  for  those 
which  are  most  expansible  by  heat,  and  in  pai*ticular,  the  instance 
of  that  fact  which  takes  place  for  water,  whose  least  specific  heat 
corresponds  to  its  greatest  density,  makes  it  probable  that  the 
variable  pa/rt  of  the  specific  heat  of  solids  and  liquids  is  UUerU  heat 
of  expansion;  and  that  the  real  specific  lieat  of  every  substance,  or 
the  heat  which  produces  changes  of  temperature  alone,  is  constant 
for  all  temperatures. 

213.  i^atrat  Heal  of  Fasion. — When  a  body  passes  from  the 
^lid  to  the  liquid  state,  its  temperature  remains  stationaryi  or 
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nearly  stationary,  at  a  certain  melting  point  (Art  205)  during  the 
wbolo  operation  of  melting;  and  in  order  to  make  that  operation 
go  on,  a  quantity  of  heat  must  be  transferred  to  the  substanc*^ 
melted,  having  a  certain  amount  for  each  unit  of  weight  of  the 
substance.  That  heat  does  not  raise  the  temperature  of  the  sub- 
stance, but  disappears  in  causing  its  condition  to  change  from  the 
solid  to  the  liquid  state ;  and  it  is  called  the  latent  heat  of  fusion. 

When  a  body  passes  from  the  liquid  to  the  solid  state,  its  tem- 
perature remains  stationary  or  nearly  stationary  during  the  whole 
ofiei-ation  of  freezing;  a  quantity  of  heat  equal  to  the  latent  heat 
of  fusion  is  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  freezing  may  go  on,  that  heat  must  be  transferred  from 
the  body  to  some  other  bo'ly. 

The  following  are  examples  in  British  thermal  units  per  lb. : — 

Salwtancea.  Melting  p<»int8.  ^o"f  fusio^iT' 

Ice  (according  to  Peclet), 32° 135 

„    (according  to  Person), 32    142'65 

Spermaceti, 56    148 

Bees'wax, 140    175 

Phosphorus, 177    , 9*06 

Sulphur, 405    t6-86 

Tin, 426    500 

M.  Person,  in  a  paper  published  in  the  Annates  de  Chimie  et  d$ 
Physique,  for  November,  1849,  gives  the  following  law  as  the  result 
of  his  expeiiments  on  the  latent  heat  of  fusion  of  non-metallic 
gabfitanoes: — 

Let  c  be  the  specific  heat  of  the  substance  in  the  .solid  state  ; 

</,  its  specific  heat  in  the  liquid  state ; 

T,  its  temperature  of  fusion  in  Fahrenheit's  ordinary  scale;  then 
the  latent  heat  of  fusion  of  one  pound,  in  British  thermal  units,  is 

Z  =  (c'  —  c)  (T  +  250*^) (1.) 

In  the  case  of  ice,  for  example,  e  =  0*504;  </  -  1 ;  T  =  32^,  and 

I,  by  calculation, =  -496  x  288  =  142*86 

/,  by  experiment,  according  to  M.  Person, =  142 '65 


Difference,. 


M.  Person  also  gives  a  general  formida  for  the  latent  heat  of 
fusion  of  metals,  as  to  which  it  is  sufficient  here  to  refer  the  i^eader 
to  the  original  paper  cited. 

The  fusion  of  solids  is  sometimes  used  for  the  msasurement  of 
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quantities  of  heat  For  example,  au  ice  calari/neter  consists  essen- 
tially of  a  block  of  ice,  in  which  a  cavity  has  been  made,  with  a 
stopi)er  of  ice  for  closing  it.  If  a  piece  of  some  substance  at  a  given 
temperature,  higher  than  32®,  is  enclosed  in  that  cavity  until  its 
temperature  falls  to  32'',  the  quantity  of  heat  transfeired  from  it  to 
the  ice  is  indicated  by  the  weight  of  ice  melted,  being  at  the  rate 
of  142  British  thermal  units  for  each  pound  of  ice  melted. 

The  lowering  of  the  melting  point  of  ice  by  pressure,  discovered 
by  Mr.  Thomson,  will  be  described  in  Chapter  III. 

214.  i^aieiit  Heat  of  BTaporatiou. — When  a  body  passes  from  the 
solid  or  liquid  to  the  gaseous  state,  its  temperature  during  the  whole 
operation  remains  stiitionary  at  a  certain  boiling  point  (Article  206) 
dej)endiug  on  the  pressure  of  the  vapour  produced ;  and  in  order  to 
make  the  evaporation  go  on,  a  quantity  of  heat  must  be  transferred 
to  the  substance  evaporated,  whose  amount,  for  each  unit  of  weight 
of  the  substance  evaporated,  dei)ends  on  the  temperature.  That  he»it 
does  not  raise  the  temperature  of  the  substance,  but  disappears  in 
causing  it  to  assume  the  gaseous  state;  and  it  is  called  the  latent 
hefU  of  evaporatiofu 

When  a  body  j)asses  from  the  gaseous  state  to  the  liquid  or  solid 
state,  its  temperature  remains  stationary,  during  that  operation,  at 
tlie  boiling  point  corresiwnding  to  the  pressure  of  the  vapour;  a 
quantity  of  heat  equal  to  the  latent  heat  of  evajioration  at  that 
tempei-ature  Ls  produced  in  the  body;  and  in  order  that  the  opera- 
tion of  condensation  may  go  on,  that  heat  must  be  transferred  from 
the  body  condensed  to  some  other  body. 

The  relations  which  exist  between  the  latent  heat  of  evaporation, 
and  the  pressure  and  volume  of  the  vapour,  will  be  explained  in 
Chapter  III. 

The  following  are  examples  of  the  latent  heat  of  evajK>ration  in 
British  thermal  units,  of  one  iK)und  of  ceiiiain  substances,  when  the 
] treasure  of  the  vapour  is  one  at?nos]7/iere  of  14*7  lbs.  on  the  sqiuire 
inch : — 

Boiling  point  .  .        . 

SulwUncc  under  one  atm.  BritUh  unite  Authority. 

Fahr 

Water, 2i2°o         ...         9661         ...         Regnault. 

Alcohol...... 172*2         ...         364*3         ...         Andrews. 

-^ther, 95*0         ...  1628         ...  do, 

^tKr.:'}"'^^        -        '560        ...  do. 

The  latent  heat  of  evai^ration  of  water  at  a  series  of  boiling 
points  extending  from  a  few  degives  below  its  freezing  }X)int  up  to 
about  375°  Fahrenheit  has  been  determined  experimentally  by  M. 
Regnault  (Memoirs  o/the  Academy  of  Sciences,  1847).     The  follow. 
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ing  empirical  formula  represents  the  insults  of  those  experiments 
with  great  precision,  in  British  Uiermal  units  : — 

/=  1091  -7  —  0-695  (T  —  32*^)  —  0-000000103  (T  —  39«-l)8  ...(1.) 

This  formula  is  not  exactly  the  same  with  that  given  by  M. 
Regnault  himself,  but  is  slightly  modified  for  reasons  explained  in 
a  i)aper  on  the  specific  heat  of  liquid  water,  in  the  Tra/tisactions  of 
iJie  Royal  Society  of  Edinburgh,  vol.  xx.  For  the  Centigi-ade  scale, 
in  French  units,  it  becomes 

I  =  606-5  —  0-695  T  —  0-00000033  (T  —  4")» (2.) 

In  most  of  the  cases  which  occur  in  practice,  it  is  sufficient  to 
calculate  the  latent  heat  of  evaporation  of  water  by  the  following 
a])proxiniate  formula : — 

/nearly  =  1092  —  0-7  (T—  32°)  =  966  —  0-7  (T  —  212**).. .(3.) 

The  latent  heats  of  evaporation  of  other  sulwtances  at  pressures 
difierent  from  one  atmosphci-e  have  not  yet  been  ascertained. 

215.  Toml  Brat  of  Bnip«rfitioa,  Or  total  Jieot  of  vapouT,  is  a  con- 
ventional phrase  used  to  denote  the  sum  of  the  heat  which  disai)i)ears 
in  evaporating  one  {K)und  of  a  given  substance  at  a  given  tempera- 
ture (or  latent  heat  of  evaporation^  and  of  the  heat  required  to  raise 
iu  temperature,  before  evajwration,  from  some  fixed  temperatui-e 
ufi  to  the  temperature  of  evaporatioiL  The  latter  part  of  the  total 
heat  is  called  the  sensible  Jieai. 

To  express  this  by  symbols,  let  Tg  be  the  tempemture  at  which 
the  substance  is  originally  obtained,"  Tj  that  at  which  it  is  evapor- 
ated, c  its  mean  specific  heat  between  those  temperatures,  and  l^  its 
latent  heat  of  evaporation  at  the  temperature  T^;  then  its  total 
ileal  of  evaporation,  from  To,  at  Tj,  is  thus  expressed — 

Aj,i  =  c(T,-T,)  +  ;i (1.) 

In  formula;  and  tables  relating  to  the  total  heat  of  evaporation,  it 
is  usual  to  take  for  the  original  temperature  Tg,  that  of  melting  ice. 

In  the  case  of  water,  the  experiments  of  M.  Regnault,  ali-eady 
referred  to,  led  him  to  the  discovery  of  the  very  simple  law,  that 
the  total  heat  of  steam  from  the  temperature  of  melting  ice  increases 
(U  an  unifomi  rate  as  tfte  temjjerature  of  evaporation  rises.  The 
following  is  the  formula  by  which  that  law  is  expressed,  for  Fah- 
renJieWs  scale  and  British  units : — 

h  =  1091-7  +  0-305  (T  —  32°) ; (2.) 

wUii'h,  for  the  Centigrade  scale  and  French  units,  becomes 

!  A  ==  606-5  +  0-305  T (2  a.) 
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Tt  is  by  subti'acting  from  this  expression  the  quantity  of  heat 
required  to  raise  unity  of  weight  of  water  from  the  temperature  of 
melting  ice  to  the  temperature  of  evajwration  T,  as  given  in  Article 
209,  that  the  formiike  1  and  2  of  Article  214  are  obtained. 

Let  C6»2  ^  *^®  mean  specific  heat  of  water  between  the  temix^ra- 
ture  of  melting  ice  and  the  temperature  Tg  of  the  ^^feed  water  ^ 
supplied  to  a  boiler ;  then  we  have,  for  the  total  heat  expended 
per  pound  of  water  evaporated ^/ra/?i  Tg  ^  '^i*  ^^®  following  formula 
(in  British  units)  : — 

7^2,1  -  1091-7  +  0-305  (Tj  —  32^)  —  Co,2  (To  —  -^-O  -■  ■  i^) 

the  last  term  showing  the  diminution  of  the  exi>enditure  of  the 
heat  consequent  upon  the  temjwrature  of  the  feed  water  being 
Tj  —  32°  higher  than  that  of  melting  ice. 

In  most  of  the  cases  which  occur  in  practice,  small  fractions  maj* 
be  neglected,  and  the  specific  heat  of  liquid  water  may  be  treated 
as  constant,  and  =  1 ,  so  that  the  following  approximate  formulie 
are  in  such  cases  sufficient : — 

h  =  101»2  -f  0-3  (T  —  32°)  =  114G  -f  0-3  (T  —  212°);... (4.) 

7*2,1  =1092  +  0-3  (Ti  —  32°)  —  (Tg  —  32°) (5.) 

215  A.  :«Icasareiiicnt  of  Heat  bjr  Braporatloa — The  heat  pro- 
duced by  the  combustion  of  a  given  weight  of  fuel  (of  which 
examples  will  be  given  in  Chapter  II.)  is  usually  ascertained  by 
finding  what  weight  of  water  it  evaj)orates.  In  such  experiments 
it  is  essential  to  the  obtaining  of  accurate  results  that  the  tempem- 
ture  of  the  feed  water  and  the  temperature  of  evaporation  should 
both  be  ascei-tained,  and  the  total  heat  per  pound  of  water  com- 
puted ;  for  which  purpose  the  approximate  formula  5  is  sufficient 
That  total  heat  being  divided  by  966,  the  latent  heat  of  evaporation 
of  a  ix)uud  of  water  at  212°,  gives  a  mvltvplier,  by  which  the  weight 
of  water  actually  evaporated  by  each  pound  of  fuel  is  to  be  multi- 
j)lied,  to  reduce  it  to  the  eqnivaleiU  eva)xyraticn  from  and  at  212^; 
that  is,  tJis  fjoeigJU  of  water  which  would  luive  been  evaporated  by  each 
pou7id  offuely  Ivad  Uie  toater  been  both  supplied  and  evaporated  at  the 
boiling  point  correeponding  to  the  mean  atmospheric  pressure. 

The  weight  of  water  so  calculated  is  called  the  evaporative  power 
of  the  fuel.  To  state  it  is,  in  fact,  to  employ  a  peculiar  thermal 
unit, — viz.,  the  latent  heat  of  evaporation  of  one  pound  of  water  at 
212°,  which  is  966  times  greater  than  the  ordinary  British  thermal , 
unit  To  exemplify  the  mluction  above  described,  let  the  water  Ije 
supplied  to  the  boiler  at  104°  Fahr.,  and  evaporated  at  230°  Then 
by  equation  5  of  Article  215,  the  total  beat  of  evaporation  in 
common  British  units  per  pound  of  steam  is  (neglecting  fractions). 
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^2,1  =  1092+  ^  .  198  — 72  =  1079; 

and  the  multiplier  by  which  the  weight  of  water  actually  evaporated 
is  to  be  multiplied  to  find  the  equivalent  evaporation  from  and  at 
212%  is 

^    =  M17 
966 

The  following  is  a  convenient  form  of  the  expression  for  that 
multiplier,  or  factor  of  evaporation  : — 

.         0-3  (Ti  — 212*^)+  (212^  — T^) 
1    +  ggg  . 

The  table  on  the  next  page  gives  the  factor  of  evaporation  as 
calculated  by  the  above  formula,  for  various  temperatures  of  feed 
water  and  of  boiling  point. 

216  Tecal  Hciu  of  Oaaeflcation. — It  is  demonstrated  by  i^ea- 
Boning  to  be  explained  in  Chapter  III.  that  the  total  heat  required 
to  convert  a  given  substance  from  a  state  of  great  density  at  a  given 
temperature  To,  to  the  perfectly  gaseous  state  at  a  given  temperature 
Tj,  the  operation  being  completed  under  any  constant  pressure,  is 
given  by  the  equation 

A  =  a  +  c'  (T,  -  To) (1.)* 

where  a  is  a  constant,  and  d  is  the  specific  heat  of  the  substance 
in  the  perfectly  gaseous  state,  under  constant  pressure.  For  steam  in 
the  perfectly  gaseous  state,  or  steam-gas,  as  it  may  be  called,  for  which 

/>o  t7o  =  42141  foot-lbs., 
the  best  existing  data  give 


a  =  1092;) 
d  =  0-475.  j  ' 


.(2.) 


For  example,  to  convert  one  pound  of  water  at  32°  into  steam-gas 
at  212^,  requires 

1092  +  -475  X  180  =  1177 

units  of  heat ;  being  more  than  the  quantity  required  to  make 
satmnted  steam  at  the  same  temperature,  in  the  ratio 

""    -  1-028 
IU6    -  ^  ^^®- 

*  Equation  I  was  first  demonstrated  for  oertain  cases  in  1849,  in  a  paper  published 
in  the  Tramaetiom  of  the  Royal  Society  qf  Edinburgh^  vol  xx.;  and  was  afterwards 
more  generally  demonstrated  in  a  paper  read  to  that  Society  in  1866,  but  not  yet 
published.  g 
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Section  3.— 0/«A«  Transfer  of  Heat. 

217.  Trmasfcr  of  Dcat  in  OeaeniL — It  has  already  been  explained 
(Articles  196,  197),  that  equality  of  temperature  between  two 
bodies  consists  in  tJie  absence  of  any  tendency  to  transfer  of  heat 
between  them ;  and  that  when  their  temperatures  differ,  there  is 
a  tendency  to  equalize  their  temperatures,  by  the  transfer  of  heat 
from  the  hotter  to  the  colder.  That  tendency  is  the  greater,  the 
greater  the  difference  between  those  temperatures. 

The  rate  at  which  the  transfer  of  heat  takes  place  between  two 
bodies,  at  unequal  temperatures,  depends — 

Firsty  on  the  tendency  to  transfer  heat,  increasing  as  some  func- 
tion of  the  two  temperatures  and  their  difference. 

Seocmdlyy  on  the  areas  of  those  parts  of  the  surfaces  of  the  bodies 
through  which  the  transfer  of  heat  takes  place.  In  most  of  the 
cases  which  occur  in  practice,  those  areas  are  equal,  and  then  the 
rateof  transfer  of  heat  is  directly  proportional  to  their  common  extent 

Thirdly y  on  the  nature  of  the  material  of  each  of  the  bodies,  and 
the  condition  of  their  surfaces. 

FowrUdy,  on  the  nature  and  thickness  of  the  intervening  sub- 
fiftances,  if  any.  Increase  of  that  thickness  diminishes  the  rate  of 
transfer  of  heat 

The  transfer  of  heat  takes  place  by  three  processes,  called  respec- 
tively,  radiation,  condtiction,  and  convection. 

218.  BadiAitoM  of  heat  takes  place  between  bodies  at  all  distances 
apart,  in  the  same  manner  and  according  to  the  same  laws  with  the 
radiation  of  light  Its  phenomena  have  been  studied,  and  its  laws 
ascertained,  by  many  scientific  inquirers;  but  for  purposes  con- 
nected with  prime  movers  driven  by  means  of  heat,  the  exact  and 
complete  statement  of  those  laws  is  unnecessary.  It  is  sufficient  to 
€tate,  that  the  rate  of  radiation  of  heat  by  the  hotter  of  a  pair  of 
bodies,  and  of  its  absorption  by  the  colder,  are  increased  by  dai*k- 
ness  and  roughness  of  the  sturfaces  of  the  bodies,  and  diminished  by 
smoothness  and  polish. 

219.  CoMdinetimi  is  the  transfer  of  heat  between  two  bodies  or 
parts  of  a  body,  which  touch  each  other.  It  is  distinguished  into 
internal  and  external  conduction,  according  as  it  takes  place  between 
the  parts  of  one  continuous  body,  or  through  the  surface  of  contact 
of  a  pair  of  distinct  bodies. 

The  rate  at  which  conduction,  whether  internal  or  external,  goes 
<m,  being  proportional  to  the  area  of  the  section  or  surface  through 
which  it  takes  place,  may  be  expressed  in  the  form  of  so  ma/ny 
thermal  units  per  sqwa/refoci  ofa/rea^  per  hour. 

The  rate  of  internal  conduction  through  a  given  substance,  thus 
expressed,  is  proportional — 
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L  To  the  rate  at  which  the  temperature  varies  along  a  line  pei^ 
pendicular  to  the  section  through  which  the  heat  is  ti-ansferred. 

II.  To  a  oo-efficient  called  the  internal  candtu^irity  of  the  sub- 
stance, which  depends  on  the  nature  of  the  substance.  It  also 
depends  to  a  small  extent  on  the  temperature  at  the  section  under 
consideration,  being  in  general  somewhat  greater  at  higher  than  at 
lower  temperatures;  but  the  law  of  its  increase  with  temperature 
has  not  yet  been  accurately  ascertained  in  any  case  ;  and  it  if 
usually  treated  as  approximately  constant. 

Those  laws  are  expressed  mathematically  as  follows  : — 

Let  dx  denote  the  distance,  in  a  direction  perpendicular  to  a 
sectional  plane  through  which  heat  is  transferred,  between  a  pair  of 
points  in  a  mass  of  a  gi\  en  substance ; 

d  T,  the  difference  between  the  temperatures  of  the  mass  of  those 
points; 

Then  the  rate  of  conduction  through  the  given  sectional  plane 
may  be  represented  by 

^  =  ^'^' (^-^ 

k  being  the  co-efficient  of  conductiWty.  Now  in  canes  where  k 
without  sensible  error  may  be  treated  as  constant,  the  above  equa- 
tion leads  to  the  conclusion,  that  the  rate  of  conduction  jthrough  a 
flat  layer,  of  any  uniform  thickness,  is  simply  proportional,  directly 
to  the  difference  between  the  temperatures  of  the  two  faces  of  the 
layer,  and  inversely  to  its  thickness;  a  principle  expressed  as 
foUowB : — 

T' T 

y=^-i-T-^; (2.) 

where  T  and  T  are  the  temperatures  at  the  two  faces  of  the  layer, 
and  X  its  thickness.  For  reasons  which  will  afterwards  appear,  it 
is  convenient,  in  cases  of  this  kind,  instead  of  the  conductivity  k 
itself,  to  use  its  reciprocal,  which  may  be  called  the  internal  thermal 
resistance  of  the  substance,  and  may  be  represented  as  follows  : — 


1 
k' 


e  =  i; (3.) 


BO  as  to  transform  equation  2  into  the  following  fonn  : — 

q  = (4.) 

The  following  are  some  values  of  the  co-efficient  of  thermal 
resistance  ^,  for  different  substances,  when  q  is  expressed  in  thermal 
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units  per  hauar  per  square  foot  o/a/rea,  and  x  in  inches,  as  computed 
from  a  table  of  conductivities  deduced  by  M.  Peclet  from  experi- 
DientB  by  M.  Despretz  : — 

e 

Gold,  platinum,  silver, o-ooi6 

Copper, 00018 

Iron, 0*0043 

Zinc, 00045 

Liead, •••••o'ooqo 

Marble, , 00716 

Brick, 0-1500 

The  total  internal  thermal  resistance  of  a  plate  consisting  of 
layers  of  different  substances  may  be  found  by  adding  together  the 
resistances  of  the  several  layers.  Thus,  let  x  denote  the  thickness 
of  any  one  of  those  layers ;  e>  ^^^  co-efficient  of  thermal  resistance 
of  the  substance  of  which  it  consists  :  let  2,  as  usual,  denote  the 
summation  of  a  set  of  quantities,  so  that  2  *  x,  for  example,  is  the 
total  thickness  of  the  compound  plate  ;  then 

2  •  e  as, 

is  the  total  thermal  resistance  of  that  plate,  and 

T'-T  ,., 

^=t:7^' ;-(^> 

the  rate  of  conduction  through  it  per  square  foot  per  hour,  when 
T  and  T  are  the  temperatures  of  its  hotter  and  cooler  faces  respec- 
tively. 

The  rate  of  external  conduction  through  the  bounding  surface 
between  a  solid  body  and  a  fluid  is  approximately  proportional  to 
the  difference  of  temperature,  when  that  is  small;  but  when  that 
difference  is  considerable,  the  lute  of  conduction  increases  faster 
than  in  the  simple  ratio  of  that  difference,  as  will  afterwards  be 
shown  more  in  detail. 

The  i-ate  of  external  conduction  may  be  expressed  by  dividing 
the  difference  of  temperature  by  a  co-efficient  of  external  th/errtwl 
resistancCf  depending  on  the  nature  of  the  substances,  and  also  on 
their  temperatures.  Let  the  values  of  that  co-efficient,  for  the  two 
surfaces  of  a  given  plate,  be  denoted  by  9,  9,  respectively;  let  x  be 
the  thickness  of  the  plate  in  inches,  as  before,  and  f  its  co-efficient 
of  internal  thermal  resistance ;  then  the  total  thermal  resistance  of 
the  plate  and  of  its  two  external  surfaces  is 

(j'  +  a  +  eic; 

end  the  rate  of  conduction  through  it  is 
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r— T  ... 

?=7+7+r* ^^-^ 

Where  T*,  T,  are  now  the  temperatures,  not  of  the  two  surfacen  of 
the  plate,  but  of  the  two  fluids  which  are  respectively  in  contact 
with  its  two  fieuses. 

The  external  thermal  resistance  of  the  metal  plates  of  boiler  flues 
and  tubes,  and  other  apparatus  used  for  heating  and  cooling  fluids, 
is  so  much  greater  than  the  internal  thermal  resistance,  that  the 
latter  is  inappreciable  in  comparison;  and,  consequently,  the  nature 
and  thickness  of  those  plates  has  no  appreciable  effect  on  the  rate 
of  conduction  through  them. 

The  combined  external  thermal  resistances  of  both  surfaces  of  a 
plate,  when  one  is  in  contact  with  a  liquid  and  the  other  with  air, 
have,  according  to  M.  Peclet,  values  capable  of  being  expressed  by 
the  following  formula : — 

'"'■'^^  A{l  +  B(T'^rf)] ^""^ 

in  which  the  constants  depend  chiefly  on  the  condition  of  the  surface 
of  the  body,  and  have  the  following  values  :  — 

B  for  polished  metallic  surfaces, 0*0028 

Bfor  rough  metallic  surfaces,  and  non-metallic  surfaces,  0*0037. 

A  for  polished  metals,  about .0*90 

A  for  glassy  and  varnished  surfaces, 1*34 

A  for  dull  metallic  surfaces, 1-58 

A  for  lamp  black, 178 

When  a  metal  plate  has  a  liquid  at  each  side  of  it,  it  appears 
from  experiments  by  M.  Peclet,  that  the  constants  in  equation  7 
\ake  the  following  values  : — 

B  =  0-0o8;  A  =  8-8. 

It  will  be  shown  in  a  subsequent  Article,  that  the  results  of 
experiments  on  the  evaporative  power  of  boilers  agree  very  well 
with  the  following  approximate  formula  for  the  thermal  resistance 
of  boiler  plates  and  tubes  : — 

''  +  ''=y-zzt:'^ (^•) 

which  gives  for  the  rate  of  conduction,  per  square  foot  of  surface 
per  hour, 

»  =  (3^ (».) 
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This  formula  is  not  proposed  as  being  more  than  a  rough  approxi- 
matioiiy  but  its  simplicity  makes  it  very  convenient,  and  it  will  be 
shown  that  it  is  near  enough  to  the  truth  for  its  purpose. 
The  value  of  a  lies  between  160  and  200. 

220.  CMiTccitoa  Mr  Cmrvjim^  of  heat  means  the  transfer  and 
diffusion  of  the  state  of  heat  in  a  fluid  mass  by  means  of  the  motion 
of  the  particles  of  that  nuu3& 

The  conduction,  properly  so  called,  of  heat  through  a  stagnant 
mass  of  fluid,  is  very  slow  in  liquids,  and  almost,  if  not  wholly, 
inappreciable  in  gasea  It  is  only  by  the  continual  circulation  and 
mixture  of  the  particles  of  the  fluid  that  uniformity  of  temperature 
can  be  maintained  in  the  fluid  mass,  or  heat  transferred  between 
the  fluid  mass  and  a  solid  body. 

The  laws  of  the  cooling  of  thermometer  bulbs  by  convection, 
when  placed  in  receivers  filled  with  diflerent  gases  in  diflerent 
states  as  to  pressure,  were  ascertained  by  Dulong  and  Petit;  but 
the  circumstances  of  the  experiments  were  too  unlike  those  which 
occur  in  boilers  and  furnaces  to  enable  those  laws  to  be  used  in  the 
solution  of  questions  connected  with  heat  engines. 

The  free  circulation  of  each  of  the  fluids  which  touch  the  sides  of 
a  solid  plate  is  a  necessary  condition  of  the  correctness  of  the  for- 
mulae for  the  conduction  of  heat  through  that  plate,  which  have 
been  given  in  Article  219;  and  in  each  of  those  formube  it  is 
implied,  that  the  circulation  of  each  of  the  fluids  by  currents  and 
eddies  is  such  as  to  prevent  any  considerable  diflerence  of  tempera- 
ture between  the  fluid  particles  in  contact  with  one  side  of  the 
solid  plate  and  those  at  considerable  distances  from  it. 

It  is  to  promote  that  circulation,  and  so  to  insure  uniformity  of 
temperature  in  the  fluid  mass,  that  an  agitator  is  employed  in  the 
water  calorimeter,  as  already  stated  in  Article  207  a.  For  a 
similar  purpose,  large  boiler  flues  are  sometimes  provided  with 
"bafflers;"  that  is,  projecting  partitions  which  compel  the  hot 
gases  to  take  a  circuitous  coui'se,  in  order  that  eddies  may  be 
formed,  so  as  to  bring  as  many  diflerent  particles  as  possible  sue* 
cessively  in  contact  with  the  heating  surface.  Those  bafflers,  how- 
ever, have  also  another  object,  which  is  to  promote  that  thorough 
mixture  of  air  with  the  inflammable  gas  from  the  fuel,  which  is 
necessary  to  complete  combustion. 

The  most  rapid  convection  of  heat  is  that  which  is  eflected  by 
means  of  cloudy  vapour,  which  combines  the  mobility  of  a  gas  with 
the  comparatively  greater  conducting  power  of  a  liquid;  as  when 
steam  communicates  heat  to  a  solid  body  by  condensing  on  its 
surface.  Some  data  as  to  the  rate  at  which  this  process  goes  on 
will  be  given  in  Article  222. 
When  heat  is  to  be  transferred  by  convection  from  one  fluid  to 
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another  through  an  intervening  layer  of  metal,  the  motions  of  the 
two  fluid  masses  should  if  possible  be  in  opposite  diredionSy  in  order 
that  the  hottest  particles  of  each  fluid  may  be  in  communication 
with  the  hottest  particles  of  the  other,  and  that  the  minimufn 
diflerence  of  temperature  between  the  adjacent  particles  of  the  two 
fluids  may  be  the  greatest  possible. 

Thus  in  the  surface  condensation  of  steam,  by  passing  it  through 
metal  tubes  immersed  in  a  current  of  cold  water  or  air,  the  cooling 
fluid  should  be  made  to  move  in  the  opposite  direction  to  the  con- 
densing steam. 

In  a  steam  boiler,  it  is  favourable  to  economy  of  fuel  that  the 
motion  of  the  water  and  steam  should  on  the  whole  be  opposite  to 
that  of  the  flame  and  hot  gas  for  the  furnace. 

Thus,  if  there  is  a  "  feed- water  heater,"  consisting  of  a  set  of 
tubes  through  which  the  water  passes  to  be  heated  before  entering 
the  boiler,  that  apparatus  should  be  placed  in  or  near  the  foot  of 
the  chimney,  so  as  to  be  heated  by  gas  that  has  left  the  boiler,  and 
thus  to  employ  heat  that  would  otherwise  be  wasted.  The  coolest, 
that  is,  the  lowest  portions  of  the  water  in  the  boiler,  should,  if 
practicable  and  convenient,  be  contiguous  to  the  coolest  parts  of  the 
furnace  and  heating  surfiEice;  and  if  there  is  apparatus  for  super- 
heating the  steam,  or  raising  its  temperature  above  the  boiling  point 
corresponding  to  its  pressure,  that  apparatus  will  be  most  efficient 
if  placed  in  the  hottest  part  of  the  furnace.  Feed-water  heaters 
are  now  of  special  importance  in  boiler  efficiency.     (See  page  563.) 

221.  Eacieacj  •f  Bl«uia«  Siirtecc. — When  a  layer  of  metal, 
lying  between  two  flowing  masses  of  fluid,  serves  as  the  means  of 
transmitting  heat  from  the  hotter  to  the  cooler  of  those  masses,  the 
proportion  borne  by  the  quantity  of  heat  so  transmitted  to  the 
whole  quantity  of  heat  which  the  potter  mass  must  lose  in  order  to 
reduce  it  to  the  temperature  of  the  colder  mass,  may  be  called  the 
efficiency  of  the  heating  surface  of  that  layer  of  metal. 

In  most  of  the  cases  that  occur  in  practice,  the  layer  of  metal 
consists  of  the  flues,  tubes,  and  other  portions  of  the  solid  material 
of  a  boiler  which  are  exposed  to  heat ;  the  cooler  fluid  is  the  water 
in  the  boiler,  which  is  introduced  by  degrees  in  the  liquid  state  at 
a  low  temperature,  raised  to  a  higher  temperature,  and  evaporated; 
the  hotter  fluid  is  the  stream  of  air  and  hot  gases  which  comes  from 
the  furnace,  flows  along  the  heating  surface,  and  finally  escapes  by 
the  chimney. 

Let  W  denote  the  weight  of  gas  given  out  by  the  furnace  in  an 
hour;  &  its  specific  heat  at  constant  pressure;  T  —  <,  the  excess 
of  its  temperature  above  that  of  the  water  in  the  boiler  when  it  is 
in  contact  with  some  given  portion  of  the  heating  surface,  the  area 
of  which  portion  is  £^«;  let  ^  denote  the  rate  of  conduction  per 
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square  foot  of  sur&ice  per  hour,  corresponding  to  the  difference  of 
temperature  T  —  t;  then 

q  d  8 

is  the  heat  transmitted  hj  the  portion  ds  of  the  heating  surface 
from  the  hot  gas  to  the  water,  and 

^ds  ,_  ,-  . 

?w  =  -''T' (1) 

is  the  lowering  of  the  temperature  of  the  gas  by  passing  over  the 
portion  of  heating  surface  d  8.  It  arrives  at  the  next  elementary 
portion  of  heating  surfiEice  with  a  diminished  temperature,  and  the 
rate  of  conduction  is  therefore  diminished  j  so  that  each  successive 
equal  portion  of  the  heating  surface  transmits  a  less  and  a  less 
quantity  of  heat,  imtil  the  hot  air  at  last  leaves  the  heating  surface 
and  escapes  up  the  chimney,  with  a  certain  remaining  excess  of 
temperature  above  that  of  the  water  in  the  boiler,  the  heat  co»6- 
sponding  to  which  excess  is  wasted. 

Let  T^  denote  the  temperature  of  the  hot  gas  when  it  fii-st  comes 
in  contact  with  the  heating  siurfiice ;  Tg  its  temperature  when  it 
finaUy  leaves  the  heating  siuface;  then 


;} 


.(2.) 


.(3.) 


the  whole  heat  expended  per  hour  is  c^  W  (T^  —  ^); 
the  heat  wasted  per  hour  c'  W  (Tg  —  t) 

the  efficiency  of  the  heating  surface, 

Ti  — <  ' 

and  all  those  quantities  are  connected  together  by  the  equation  1, 
or  by  either  of  the  following  equations,  which  are  different  ways  of 
expressing  its  integral : — 

c'W(T,-Tj)=/gd«; (4.) 

^-}y,T' ^'^ 

in  which  last  equation,  S  denotes  the  whole  heating  surface. 

To  represent  these  principles  graphically,  draw  A  D,  fig.  90,  to 
represent  the  whole  heating  surface  S;  and  let  any  portion  of  tiiat 
Tane,  such  as  A  X,  represent  «,  a  part  of  that  surface.  Let  the 
oi-dinate  A  B  =s  q^,  the  rate  of  conduction  for  the  initial  tempeia- 
ture  Ty     In  D  A  produced,  tiUco 
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mean  ''chemical  equivalent^"  without  necessarily  affirming  or 
denying  the  hypothesis  from  which  it  is  derived,  and  which,  how- 
probable  soever  it  may  be,  is,  like  other  molecular  hypotheses, 
incapable  of  absolute  proof. 

The  chemical  equivalents  of  substances  in  the  perfectly  gaseous 
state  are  known  to  be  either  exactly  or  very  nearly  proportional  to 
their  densities  at  the  same  pi^essure  and  temperature,  or  simple 
multiples  or  submultiples  of  those  densitiea  In  other  words, 
perfect  gases  at  a  given  pressure  and  temperature  combine,  either 
exactly  or  very  neai*ly,  in  simple  numerical  proportions  6y  volume. 
The  volume  of  the  compound  also,  if  perfectly  gaseous,  bears 
always,  either  exactly  or  very  nearly,  some  simple  numerical  ratio 
to  the  volumes  of  the  constituents,  at  the  same  pressure  and  tem- 
perature. 

These  principles  have  already  been  illustrated  in  the  case  of  the 
composition  of  steam,  in  Article  202, 

The  following  are  the  chemical  equivalents,  according  to  the 
British  scale,  of  the  principal  elementary  constituents  of  fuel,  and 
of  the  atmospheric  air  from  which  the  oxygen  required  for  com- 
bustion is  derived,  together  with  the  symbols  usckI  in  chemical 
writings  to  denote  them,  and  their  chemical  equivalents  by  vdums 
in  the  perfectly  gaseous  state  : — 

Chemical  Chraiical 

Name.  SymboL  equivalent  by  equivalent  by 

weight  volame^ 

Oxygen, O     i6     

Nitrogen, N     14     

Hydrogen, H     i     

Carbon, C     12     

Sulphur*, S      3a     

These  numbers  are  given  neglecting  fractions  too  small  to  be  of 
consequence  for  the  purposes  of  the  present  treatise. 

The  composition  of  a  compound  substance  is  indicated  in  chemi- 
cal writings,  by  affixing  to  the  symbol  of  each  element  the  num- 
ber of  its  equivalents  which  enter  into  one  equivalent  of  the 
compound. 

llie  following  table  sliows  the  composition  of  those  compounds 
of  the  above  elements  which  are  of  importance  to  the  purposes  of 
the  present  treatise,  either  as  furnishing  oxygen  for  combustion,  as 
entering  into  the  composition  of  ordinary  fuel,  or  as  being  produced 
by  the  combustion  of  ordinaxy  fuel : — 
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Symbol  of      Proportions     Chemical    Proportions    Chemical 

Name.  chemical       of  elements     equivalent    of  dements    equivalent 

composition,     hj  weight     by  weight    by  volume,  by  volume. 

Air, 1^77  +  023     100     N  79  O  21    100 

"Water, H3  O      H2  +  O16       18      H2  +  O         2 

Ammonia, NH3      H3  +  N14      17       H34-N         2 

Carbonic  oxide,      CO      C12  +  O16      28  C  +  0         2 

Carbonic  add,...     CO,     C12  +  O32       44  O  +  O2      2 

defiant  gas, CjH^    C12  +  H2        14  C+H2      2 

"^.^P::}     CH,     CX..H4       16  C.H4 

The  last  two  substances  are  the  chief  ingredients  of  coal  gas. 

[There  are  numerous  other  compounds  of  hydrogen  and  carbon, 
known  generally  as  "hydro-carbons,"  and  comprising,  amongst 
other  substances,  various  fusible  and  volatile  ingredients  of  coal ; 
bat  it  is  unnecessaiy  to  give  their  chemical  composition  in  detail] 

Sulphurous  acid, S  Oj         S  32  +  O  32         64         2 

Sulphuretted  hydrogen,..     SH,        S32  +  H2  34         2 

Bisulphuret  of  carbon,...     SjC  S64  +  C12         76         2 

Air  not  being  a  chemical  compound,  but  a  mechanical  mixture 
of  nitrogen  and  oxygen,  the  proportion  of  these  per  cent  is  given. 
In  the  table  below  the  quantity  of  air  required  to  produce  a  pouud 
of  oxygen  is  calculated  as  if  air  were  composed  of  three  and  one-half 
parte  of  nitrogen  to  one  of  oxygen,  a  calculation  sufficiently  exact 
m  practice.  Carbon  never  having  been  obtained  in  the  form  of 
gas,  its  chemical  equivalent  by  volume  is  unknown. 

The  following  table  shows  the  total  heat  of  combustion  with 
oxygen  of  one  pound  of  each  of  the  elementaiy  substances  named  in 
it,  in  British  thermal  units,  and  also  in  lbs.  of  water  evaporated 
from  212°.  It  also  shows  the  weight  of  oxygen  required  to  com- 
bine with  each  pound  of  the  combustible  element,  and  the  weight  of 
air  necessary  in  order  to  supply  that  oxygen.  The  quantities  of 
heat  are  given  on  the  authority  of  experiments  made  by  MM.  Favre 
and  Silbermann   (See  Annalea  deChimie,  1852-53,  vok  34,  36,  37). 

Lb.  oxygen  ^  .  ,  .    ,     Evaporative 

Combnstiblfi.  per  lb.  of     Lb.  air.     ^iJltf     -.1         power 

combostible.  (•bout)     »"*«'»  ""»to-     from  21 2«. 

Hydrogen  gas, 8  36  62,032  64*2 

Carbon,  imperfectly  burned  | 

80  as  to  make  carbonic  >  i^  6  4>400  4*55 

oxide, ) 

Carbon,  completely  burned,  \ 

80  as  to  make  carbonic  >  2J         12  14^500  15*0 

•cid, J 
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It  is  to  be  observed,  that  the  imperfect  combustion  of  carbon, 
making  carbonic  oxide,  produces  less  than  one-third  of  the  heat 
which  is  yielded,  by  the  complete  combustion. 

224.  T«ial  Heat  •f  C«Hi1b«Mi«a  •f  C«HpMa4a. — ^The  following 
is  a  similar  table,  on  the  same  authority,  for  the  more  important 
compound  ingredients  of  fuel : — 

Total  hoat       ^viqwrmUve 
Combustible.  Lb.  oxvgen.    Lb.  air.      «*.".  u  „«•!.  power 

(•bout)      »nf»>»«"^     from  212°. 

defiant  gas,  1  lb., 37         15?  2i,344  221 


Various  liquid  hydrocar- 
bons, 1  lb., 

Carbonic  oxide,  as  much 
as  is  made  by  the  im- 
perfect combustion  of 
1  lb.  of  cai*bon,  viz., 
2ilb^, 


from  21,700    from  22J 
to     19,000      to     20 


ij         6  10,100  10-45 


With  regard  to  the  quantities  stated  in  this  and  the  preceding 
Article  as  being  the  total  heat  of  combustion  respectively  of  carbon 
completely  burned,  carbon  imperfectly  burned,  and  carbonic  oxide, 
the  following  explanation  has  to  be  made : — 

The  burning  of  carbon  is  always  complete  at  first;  that  is  to  say, 
one  pound  of  carbon  combines  with  2|  lbs.  of  oxygen,  and  makes 
3|  lbs.  of  carbonic  acid;  and  although  the  carbon  is  solid  imme- 
diately before  the  combustion,  it  passes  during  the  combustion  into 
the  gaseous  state,  and  the  carbonic  acid  is  gaseous.  This  terminates 
fche  process  when  the  layer  of  carbon  is  not  so  thick,  and  the  supply 
of  air  not  so  small,  but  that  oxygen  in  sufiicient  quantity  can  get 
direct  access  to  all  the  solid  carbon.  The  quantity  of  heat  produced 
is  14,500  thermal  units  per  lb.  of  carbon,  as  already  stated 

But  in  other  cases  part  of  the  solid  carbon  is  not  supplied  directly 
with  oxygen,  but  is  first  heated,  and  then  dissolved  into  the  gaseous 
state,  by  the  hot  carbonic  acid  gas  from  the  other  parts  of  the 
furnace.  The  3|  lbs.  of  carbonic  acid  gas  from  1  lb.  of  carbon,  are 
capable  of  dissolving  an  additional  lb.  of  carbon,  making  4|  lbs.  of 
ccMrhonic  oxide  gas;  and  the  volume  of  this  gas  is  double  of  that  of 
the  carbonic  acid  gas  which  pixxliices  it.  In  this  case,  the  heat 
produced,  instead  of  being  that  due  to  the  complete  combustion  of 

1  lb.  of  carbon,  or i4)5<^o 

ialls  to  the  amount  due  to  the  inipeifect  combustion  of  2 

lbs.  of  carbon,  or 2  x  4>400  =*   8,800 

Showing  a  loss  of  heat  to  the  amount  of. 5»7oo 

which  disappears  in  volatilizing  the  second  pound  of  carbon.   Should 
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the  process  atop  here,  as  it  does  in  furnaces  ill  supplied  with  air, 
the  waste  of  fuel  is  very  great.  But  when  the  4|  lbs.  of  carbonic 
oxide  gas,  containing  2  lbs.  of  carbon,  is  mixed  with  a  sufficient 
supply  of  fresh  air,  it  bums  with  a  blue  flame,  combining  with  an 
additional  2|  lbs.  of  oxygen,  making  7^  lbs.  of  carbonic  acid  gas, 
and  giving  additional  heat  of  double  the  amount  due  to  the  com- 
bustion of  2^  lbs.  of  carbonic  oxide ;  that  is  to  say, 

lOjIOO  X   2  =  20,200 

to  -which  being  added  the  heat  produced  by  the  imperfect 

combustion  of  2  lbs.  of  carbon,  or 8,8oo 

there  is  obtained  the  heat  due  to  the  complete  combustion 

of  2  lbs.  of  carbon,  or 2  x  14,500  =  29,000 

If  the  total  heat  of  combustion  of  olefiant  gas  be  compared  with 

that  of  its  constituents  taken  separately,  the  result  is  as  follows : — 

-  lb.  carbon;  14,500  x  r =  12,430 

^  lb.  hydrogen;  62,032  x  = =   8,862 


Total  heat  of  combustion  of  1  lb.  of  olefiant  gas  as  ^ 
computed  by  adding  together  the  quantities  of 
heat  produced  by  the  combustion  of  its  consti- 
tuents separately, 

As  found  by  direct  experiment, 3i»344 


>■  21,292 


Difference, 52 

Similar  comparisons,  for  other  hydrocarb-^*^**.  srive  the  same  re- 
sult nearly,  though  not  exactly.  From  these  tacts  it  is  concluded, 
that  the  Mai  heat  of  combustion  of  any  compound  of  hydrogen  and 
ccvrhon  is  nearly  the  sum  of  the  quantities  of  heat  which  the  hydrogen 
and  carbon  contained  in  it  would  produce  separately  by  their  com- 
bustion,    (Marsh-gas  is  an  exception.) 

In  computing  by  this  rule  the  total  heat  of  combustion  of  a  com- 
pound, it  is  convenient  to  substitute  for  the  hydrogen  a  quantity  of 
carbon  which  would  give  the  same  quantity  of  heat;  and  this  is 
done  by  multiplying  the  weight  of  hydrogen  by 

14,500 

It  appears  from  experiments  by  Dulong,  by  Despretz,  and  by 
others,  that  in  computing  the  total  heat  of  combustion  of  com- 
pounds containing  oxygen  as  well   as  hydrogen  and   carbon,  the 

T 
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following  principle  is  to  be  observed : — WTien  hydrogen  and  oxygen 
exist  in  a  compound  in  the  proper  proportion  to  form  water  (that  is, 
by  weight,  very  nearly,  one  part  of  hydrogen  to  eight  of  oxygen), 
these  constituents  have  no  effect  on  the  total  heat  of  combustion. 

It  follows,  that  if  hydrogen  exists  in  a  greater  proportion  than  is 
necessary  in  order  to  form  water  with  the  oxygen,  only  the  surplus 
of  hydrogen  above  that  which  is  required  by  the  oxygen  is  to  be 
taken  into  account 

From  the  preceding  principles  is  deduced  the  following  general 
formula  for  the  totaJ  heat  of  combustion  of  any  compound  of  which 
the  principal  constituents  are  carbon,  hydrogen,  and  oxygen: — 

I^t  C,  H,  and  O,  be  the  fractions  of  one  pound  of  the  compound 
which  consist  respectively  of  carbon,  hydrogen,  and  oxygen ;  the 
remainder  being  nitrogen,  ash,  and  other  impurities. 

Let  h  be  the  total  heat  of  combustion  of  one  pound  of  the  com- 
pound, in  British  thermal  units.     Then 

h=  14,50o|c  +  4-28  (n-g)  I (1.) 

Let  E  denote  the  theoretical  evaporative  power  of  one  pound  of  the 
compound,  in  pounds  of  water  evaporated  from  and  at  212^.    Theo 

^=4=^^{^^*K^-?)} (^^ 

It  has  already  been  stated,  that  the  values  adopted  in  this  treatise 
for  the  total  heat  of  combustion  of  carbon  and  of  hydrogen  are  taken 
from  the  experiments  of  MM.  Favre  and  Silbermana 

In  the  case  of  hydrogen,  the  results  of  these  experiments  agree 
very  closely  with  those  of  the  experiments  of  Dulong  (Comptes 
Rendus,  vol.  viL),  the  total  heat  of  combustion  of  one  pound  of 
hydrogen  being. 

According  to  Favre  and  Silbermann, 62,032  British  unita. 

According  to  the  mean  of  Dulong*8  ex- )  ^        >- 
periments, /  ^^'^30       » 

In  the  case  of  carbon,  the  agreement  amongst  different  experi- 
menters is  less  close.  The  following  is  a  comparison  of  some  of 
the  results  given  by  them : — 

Dulong  (mean), 12,906 

Despretz, i4)040 

Favre  and  Silbermann, 14,500 

The  result  arrived  at  by  MM.  Favre  and  Silbermann  is  adopted 
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in  this  treatise,  because  of  the  great  delicacy  and  precision  of  the 
instruments  and  processes  by  which  it  wa?  obtained,  and  because 
amongst  a  number  of  different  results  as  to  total  heat  of  com- 
bustion, the  highest  is  on  the  whole  the  most  likely  to  be  coiTCct. 
nioet  of  the  errors  being  caused  by  losses  of  heat. 

225.  MLimdm  aad  lagrcdiieBta  •f  Fnei. — ^The  ingredients  of  every 
kind  of  fuel  commonly  used  may  be  thus  classed : — 

(I.)  Fixed  or  free  carbon,  which  is  left  in  the  form  of  charcoal  or 
coke  after  the  volatile  ingredients  of  the  fuel  have  been  distilled 
away.  This  ingredient  bums  either  wholly  in  the  solid  state,  or 
part  in  the  solid  state  and  part  in  the  gaseous  state,  the  latter  part 
being  first  dissolved  by  previously  formed  carbonic  acid,  as  already 
explained. 

(II.)  Hydrocarbons,  such  as  olefiant  gas,  pitch,  tar,  naphtha,  <&c., 
all  of  which  must  pass  into  the  gaseous  state  before  being  burned. 

If  mixed  on  their  first  issuing  from  amongst  the  burning  carbon 
-with  a  large  quantity  of  air,  these  inflammable  gases  are  completely 
burned  with  a  transparent  blue  flame,  producing  carbonic  acid  and 
steam.  When  raised  to  a  red  heat,  or  thereabouts,  before  being 
mixed  with  a  sufficient  quantity  of  air  for  perfect  combustion,  they 
disengage  carbon  in  fine  powder,  and  pass  to  the  condition  partly 
of  mu«h  gas,  and  partly  of  free  hydrogen;  and  the  higher  the 
temperature,  the  greater  is  the  proportion  of  carbon  thus  disen- 


L£  the  disengaged  carbon  is  cooled  below  the  temperature  of 
Ignition  before  coming  in  contact  with  oxygen,  it  constitutes,  while 
floating  in  the  gas,  skoke,  and  when  deposited  on  solid  bodies,  soor. 

But  if  the  disengaged  carbon  is  maintained  at  the  temperature 
of  ignition,  and  supplied  with  oxygen  sufficient  for  its  combustion, 
it  bums  while  floating  in  the  inflammable  gas,  and  forms  red, 
TELJiOW,  or  WHITE  FLAME.  The  flame  from  fuel  is  the  larger,  the 
more  slowly  its  combustion  is  effected. 

(III.)  Oxygen  and  hydrogen  either  actually  forming  water,  or 
existing  in  combination  with  the  other  constituents  in  the  propor- 
tions which  form  water.  According  to  a  principle  already  stated, 
such  quantities  of  oxygen  and  hydrogen  are  to  be  left  out  of  account 
in  determining  the  heat  generated  by  the  combustion.  If  the 
quantity  of  water  actually  or  virtually  present  in  each  pound  of 
fuel  is  so  great  as  to  make  its  latent  heat  of  evaporation  worth 
considering,  that  heat  is  to  be  deducted  from  the  total  heat  of  com- 
bustion of  the  fuel. 

The  presence  of  water,  or  its  constituents,  in  fuel,  promotes  the 
formation  of  smoke,  or  of  the  carbonaceous  flame,  which  is  ignited 
smoke,  as  the  case  may  be,  probably  by  mechanically  sweeping 
along  fine  particles  of  carbon. 
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(IV.)  NUrogen,  either  free  or  in  combination  with  other  consti- 
taent&     This  substance  is  simply  inert. 

(V.)  Sulphuret  of  irony  which  exists  in  coal,  and  is  detrinient;il, 
as  tending  to  cause  spontaneous  combustion. 

(VI.)  Other  mineral  compounds  of  various  kinds,  which  are  also 
inert,  and  form  the  ash  left  after  complete  combustion  of  the  fuel, 
and  also  the  clinker^  or  glassy  material  produced  by  fusion  of  the 
ash,  which  tends  to  choke  the  grate. 

226.  Ki»d»  •f  Fuel — The  kinds  of  fuel  in  common  use  niay  be 
thus  classed:— I.  Charcoal;  II.  Coke;  III.  Coal;  IV.  Peat; 
V.  Wood. 

I.  Charcoal  is  made  by  evaporating  the  volatile  constituents  of 
wood  and  peat,  either  by  a  partial  combustion  of  a  conical  heap  of 
the  material  to  be  charred,  covered  with  a  layer  of  earth,  or  by  the 
combustion  of  a  separate  portion  of  fuel  in  a  furnace,  in  which  are 
placed  retorts  containing  the  material  to  be  charred. 

According  to  Peclet,  100  parts  by  weight  of  wood  when  charred 
in  a  heap,  yield  from  17  to  22  parts  by  weight  of  chai-coal,  and 
when  charred  in  a  retort,  from  28  to  30  parts. 

This  has  reference  to  the  ordinary  condition  of  the  wood  used  in 
charcoal  making,  in  which  25  parts  in  100  consist  of  moisture.  Of 
the  remaining  75  parts,  the  carbon  amounts  to  one-half,  or  37^  per 
cent,  of  the  gross  weight  of  the  wood.  Hence  it  appears  that  on 
an  average  nearly  half  of  the  carbon  in  the  wood  is  lost  during  the 
partial  combustion  in  a  heap,  and  about  one  quarter  during  the 
distillation  in  a  retort. 

To  char  100  parts  by  weight  of  wood  in  a  retort,  12 J  parts  of 
wood  must  be  burned  in  a  furnace.  Hence  in  this  process,  the 
whole  expenditure  of  wood  to  produce  from  28  to  30  parts  of  char- 
coal, is  112^  parts;  so  that  if  the  weight  of  charcoal  obtained  is 
compai*ed  with  the  whole  weight  of  wood  expended,  its  amount  is 
from  25  to  27  per  cent.;  and  the  proportion  of  carbon  lost  is  on  an 
average  11^-5-371  =  0-3  nearly. 

According  to  reclet,  good  wood  chat*coal  contains  about  0*07  of 
its  weight  of  ash.  The  proportion  of  ash  in  peat  charcoal  is  very 
variable,  and  is  estimated  on  an  average  at  about  0*18. 

II.  Coke  is  the  solid  material  left  after  evaporating  the  volatile 

Xdients  of  coal,  either  by  means  of  partial  combustion  in  furnaces 
I  coke  ovens,  or  by  distillation  in  the  retorts  of  gas  works. 
Coke  made  in  ovens  is  preferi*ed  to  gas  coke  as  fuel.     It  is  of  a 
dark  grey  colour,  with  slightly  metallic  lustre,  porous,  brittle,  and 
hard. 

The  pi-oiwrtion  of  coke  yielded  by  a  given  weight  of  coal  is  very 
different  for  different  kinds  of  coal,  ranging  from  09  to  0'35. 
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Coke  contains  from  0  06  to  01 8  of  its  weight  of  ash,  the  re- 
mainder being  carbon. 

Being  of  a  porous  texture,  it  readily  attracts  and  retains  water 
from  the  atmosphere ;  and  sometimes,  if  it  is  kept  without  proper 
shelter,  from  0*15  to  0*20  of  its  gross  weight  consists  of  moisture. 

III.  Coal, — The  extreme  differences  in  the  chemical  composition 
and  properties  of  different  kinds  of  coal  are  very  great;  but  the 
number  of  those  kinds  is  veiy  great,  and  the  gradations  of  their 
differences  are  small 

The  proportion  of  free  carbon  in  coal  ranges  from  30  to  93  per 
cent.;  that  of  hydrocarbons  of  various  kinds  from  5  to  58  per 
cent. ;  that  of  water,  or  oxygen  and  hydrogen  in  the  proportions 
which  form  water,  from  an  inappreciably  small  quantity  to  27  per 
cent. ;  that  of  ash,  from  1^  to  26  per  cent. 

The  numerous  varieties  of  coal  may  be  divided  into  principal 
classes  as  follows : — 

1.  Anthracite  or  blind  coal. 

2.  Dry  bituminous  coal. 

3.  Caking  coaL 

4.  Long  flaming  or  cannel  coaL 

5.  Lignite  or  brown  coaL 

(1.)  Anthracite  or  blind  coed  consists  almost  entirely  of  free 
carbon.  It  has  a  colour  intermediate  between  jet  black  and  the 
greyish-black  of  plumbago,  and  a  lustre  approaching  to  metallic. 

Its  specific  gravity  is  from  1*4  to  1  '6,  that  of  water  being  1. 

It  bums  without  smoke,  and,  when  dry,  without  flame  idso;  but 
the  presence  of  moisture  in  it  produces  small  yellowish  flames,  iu 
the  manner  explained  in  Article  225. 

It  requires  a  high  temperature,  and  in  general  a  blast  produced  by 
mechanism,  for  its  combustion.  If  suddenly  heated,  it  splits  into 
small  pieces,  which  are  liable  to  fall  through  the  grate  bars  of  the 
furnace  and  be  lost.  In  furnaces  where  it  is  used,  therefore,  each 
fresh  portion  should  be  gradually  heated  before  being  ignited. 

(2.)  Dry  bituminous  coal  contains  on  an  average  frx)m  70  to  80 
per  cent  of  free  carbon,  about  5  per  cent  of  hydrogen,  and  4  per 
cent  of  oxygen;  so  that  4^  per  cent  of  hydrogen  is  available  to 
produce  heat  This  hydi'Ogen  exists  in  combination  with  part  of 
the  carbon.  Such  coal  bums  with  a  moderate  amount  of  flame, 
and  little  or  no  smoke.  Its  average  specific  gravity  is  about 
1-3. 

(3.)  Bituminotu  caking  coal  contains  on  an  average  from  50  to  60 
per  cent  of  free  carbon,  and  about  equal  weights  of  hydrogen  and 
oxygen,  amounting  to  fix)m  10  to  12  per  cent,  of  its  weight  It 
softens  when  exposed  to  heat,  and  pieces  of  it  adhere  together.  It 
produces  more  flame  than  dry  bituminous  coal,  and  also  produces 
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smoke,  anless  that  is  prevented  by  special  meana  Its  average 
specific  gravity  is  about  1  '25. 

(4.)  Long  flaming  coal  differs  from  the  last  variety  chiefly  in  con- 
taming  more  oxygen.  In  some  examples  it  softens  and  cakes  in 
the  fire;  in  others  not.  It  requires  special  means  for  the  preven- 
tion of  smoke. 

(5.)  Brovm  coal,  or  Ugnite,  is  foxmd  in  more  recent  strata  than 
any  of  the  preceding  kinds.  It  is  intermediate  in  appearance  and 
pi*operties  between  them  and  peat.  It  contains  on  an  average  from 
27  to  50  per  cent,  of  free  carbon,  about  5  per  cent  of  hydrogen, 
and  20  per  cent,  of  oxygen.    Its  specific  gravity  is  from  1  -20  to  1  -25. 

With  respect  to  the  different  kinds  of  coal,  M.  Pedet  makeA 
a  remark  to  the  effect,  that  the  caking  bituminous  coals  pass 
to  the  dry  coals  and  to  anthracite  by  diminution  of  their  oxygen 
and  hydrogen,  and  to  the  long  flaming  coeds  and  lignites  by  the 
augmentation  of  their  oxygen. 

From  the  specific  gravities  already  stated,  it  appears  that  a  cubic 
foot  of  solid  coal  weighs  from  70  to  90  lbs. ;  but  coal  in  pieces, 
such  as  are  conmionly  used  for  feeding  furnaces,  including  the 
spaces  between  the  pieces,  occupies  from  lA  to  liV  times  the  spnce 
that  the  same  coal  fills  in  a  continuous  mass;  so  that  the  average 
weight  of  coals,  including  the  space  between  the  pieces,  is  about  bi 
lbs.  per  cubic  foot.  In  a  few  examples  it  is  as  high  as  tiQ  or  60  lbs. 
to  the  cubic  foot. 

IV.  Peaiy  or  Purf,  as  usually  dried  in  the  air,  contains  from  25  to 
30  per  cent,  of  water,  which  must  be  allowed  for  in  estimating  its 
heat  of  combustion.  This  water  having  been  evaporated,  the 
analysis  of  M.  Kegnault  gives,  in  100  parts  of  perfectly  dry  peat  of 
the  best  quality — 

Carbon, 58 

Hydrogen, 6 

Oxvgen, 31 

Ash,, 5 

100 

In  some  other  examples  of  peat,  the  quantity  of  ash  is  greater, 
amounting  to  7  and  sometimes  to  1 1  per  cent 

The  specific  gravity  of  peat  in  its  ordinaiy  state  is  about  0*4  or 
0*5.    It  can  be  compressed  by  machineiy  to  a  much  greater  density. 

V.  Wood,  when  newly  felled,  contains  a  proportion  of  moisture 
which  vaiies  very  much  in  different  kinds  and  in  different  speci- 
mens, ranging  between  30  and  50  per  cent,  and  being  on  an 
average  about  40  per  cent  After  eight  or  twelve  months'  ordinaiy 
drying  in  the  air,  the  proportion  of  moisture  is  from  20  to  25  per 
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cent.  This  degree  of  dryness,  or  almost  perfect  dryness  if  required, 
can  be  produced  by  a  few  days'  drying  in  an  oven  supplied  with  air 
at  about  240"  Fahrenheit.  When  coal  or  coke  is  used  as  the  fuel 
for  that  oven,  1  lb.  of  fuel  suffices  to  expel  about  3  lbs.  of  moisture 
from  the  wood.  This  is  the  result  of  experiments  on  a  large  scale 
by  Mr.  J.  R  Napier.  If  air-dried  wood  were  used  as  fuel  for  the 
oven,  from  2  to  2^  lbs.  of  wood  would  probably  be  required  to 
produce  the  same  effect. 

The  specific  gravity  of  different  kmds  of  wood  ranges  from  0*3 
to  1-2. 

PerfecUy  dry  wood  contains  about  50  per  cent,  of  carbon,  the 
remainder  consisting  almost  entirely  of  oxygen  and  hydrogen  in  the 
proportions  which  form  water.  The  conSerous  family  contain  a 
small  quantity  of  turpentine,  which  is  a  hydrocarbon.  The  pro- 
portion of  ash  in  wood  is  from  1  to  5  per  cent.  The  total  heat  of 
combustion  of  all  kinds  of  wood,  when  diy,  is  almost  exactly  the 
same,  and  is  that  due  to  the  50  per  cent,  of  carbon. 

227.  The  Total  Heia  •€  ema^umikmn  of  fuel  is  computed  from  its 
chemical  composition,  according  to  the  principles  explained  in 
Articles  223,  224,  and  225.  The  following  table  gives  the  results 
of  such  computations,  founded  chiefly  on  Uie  analyses  of  M.  Keg- 
nault,  Dr.  Playfair,  and  Professor  Bichardson.  The  numerous 
kinds  of  fuel  of  which  analyses  have  appeared  have  been  classed  in 
groups,  and  the  average  chemical  composition  of  each  group  com- 
puted. By  this  process  have  been  obtained  the  proportions  of 
carbon,  hydrogen,  and  oxygen,  given  in  the  columns  headed  C,  H, 
and  O,  respectively. 

The  column  headed  C  shows  the  weight  of  pure  carbon  whose 
total  heat  of  combustion  would  be  the  same  with  that  of  the  fuel, 
as  given  hj  the  formula 


C  =  C  +  4-28 


(-§)■ 


E  =  15  C  is  the  theoretical  evaporative  power  in  pounds  of  water 
supplied  and  evaporated  at  212°  by  one  pound  of  fuel. 

h  =  14500  C  is  the  total  heat  of  combustion  in  pounds  of  water 
raised  one  degree  of  Fahrenheit  Each  kind  of  fuel  is  supposed  to 
be  perfectly  dry,  unless  otherwise  specified. 

With  respect  to  the  examples  of  coal  given  in  the  following  table, 
it  is  to  be  observed  that  they  are  all  of  good  quality,  as  it  has  never 
been  the  practice  to  submit  bad  coals  to  chemists  for  analysis.  It 
may  be  estimated  that  the  total  heat  of  combustion  of  the  worst  coal 
in  a  given  coal  field  is  about  two-thirds  of  that  of  the  best,  the  differ- 
ence arising  chiefly  from  the  proportion  of  earthy  matter. 
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Table  op  the  Total  Heat  op  CoMBUSfrioN  op  Fceu 


Fuel. 

C. 

H. 

0. 

C 

R 

h. 

L  Charcoal—   ) 
from  wood,  j 

0-93 

0-93 

14 

13500 

„    from  peat, 

080 

12 

1 1600 

11.  Coke— good,... 

0-94 

094 

t4 

13620 

„  middling, 

0-88 

088 

132 

12760 

„  bad, 

0-82 

0-82 

12-3 

1 1890 

III.  COAI^ 

1.  Anthracite,... 

0-915 

0-035 

0-026 

105 

1575 

15225 

2.  Diy   bitu-  ) 
minoiis,....  j 

0-90 

0-04 

0-02 

1-06 

15-9 

15370 

3.         >9               99 

0-87 

004 

0-03 

1-025 

15-4 

14860 

^'        »               99 

o-8o 

0-054 

o-oi6 

I -02 

153 

14790 

5.        „               9f 

0-77 

005 

o-o6 

0-95 

14-25 

13775 

6.  Caking, 

0-88 

0-052 

0054 

1075 

i6-o 

15837 

7.        „     

0-8 1 

0-052 

0-04 

I  01 

151S 

14645 

8.  Cannel, 

0-84 

077 

0056 
0052 

008 

1-04 
0-9T 

'1 

1365 

15080 
13195 

9.  Dry    long  ) 
flaming,....  j 

0-15 

10.  Lignite, 

0*70 

0-05 

0*20 

0-8 1 

1215 

"745 

IV.  Peat— dry,... 

0*58 

006 

0-31 

066 

lo-o 

9660 

„  contain- j 

ing  25  per  c.  > 

7-25 

7000 

moisture, ...  j 

V.  Wooi>— dry,... 

0-50 

050 

7*5 

7245 

„  contain-^ 

ing  20  per  c.  > 

5-8 

5600 

moisture, ...  ) 

VI.  MikeralOil — 

fi-om 

0-84 

0-16 

0 

1-52 

22-7 

21930 

to 

0-85 

0-I5 

0 

1-49 

22-5 

21735 

(See  Jau/mal  o/the  United  Servioe  InstUiUion,  vol.  xi.,  1867.) 


I  itwrn  Fael.  —  The  proportion  which  the  heat 
radiated  from  incandescent  fuel  bears  to  the  total  heat  of  combus- 
tion has  been  determined  for  some  kinds  of  fuel  by  the  experiments 
of  M.  Peclet,  with  the  following  results : — 

From  wood, 0-29 

Fi-om  charcoal  and  peat, 05 
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From  coal  and  coke  M.  Peclet  considers  that  the  radiation  must 
be  greater  than  from  charcoal,  although  he  has  not  ascertained  it 
precisely. 

The  practical  conclusion  to  be  drawn  from  this  fact  is^  that  the 
radiation  from  the  ^el  in  the  furnace  of  a  heat  engine  ought  to  be 
carefiillj  intei*cepted  in  every  direction,  in  such  a  manner  that  the 
heat  diffused  by  it  may  be  communicated  either  directly  or  indi- 
rectly to  the  substance  to  be  heated.  The  means  used  for  effecting 
this  are  various.  One  of  the  simplest  is  to  have  the  furnace  wholly 
contained  in  a  flue  or  fire  box  inside  the  boiler.  Another  is,  to 
surround  all  those  parts  of  the  furnace  whose  radiation  is  not 
directly  intercepted  by  the  boiler,  with  brickwork  so  thick  as  not 
to  admit  of  any  material  loss  of  heat  by  conduction.  The  resistance 
to  conduction  is  greatly  increased  by  having  two,  or  three,  successive 
layers  of  brickwork  with  air  spaces  between,  such  spaces  being 
completely  closed,  in  order  that  the  air  in  them  may  not  circulate. 
Two  such  layers  of  fire-brick,  the  inner  9  inches  thick,  the  outer  4^, 
with  an  air  space  3  inches  thick  between  them,  have  been  found 
to  answer  in  practice.  The  great  resistance  of  this  coating  to  the 
transmission  of  heat  causes  the  inner  surface  of  the  inner  layer, 
which  directly  receives  the  radiation  of  the  fire,  to  rise  to  a  white 
heat,  or  nearly  so,  and  almost  the  whole  of  the  heat  which  it 
receives  is,  because  of  that  high  temperature  and  the  rapid  circula- 
tion of  the  furnace  gases  over  it,  carried  off  by  those  gases,  and 
made  available  for  communication  to  the  boiler. 

The  heat  which  is  radiated  down  between  the  grate  bars  is 
intercepted  by  the  sides  and  floor  of  the  ash  pit,  and  carried  back 
to  the  furnace  by  the  air  which  entera  through  the  ash  pit. 

To  prevent  loss  by  radiation  and  conduction  through  the  furnace 
door,  the  simplest  plan  is  that  used  by  Mr.  Williams  and  others,  of 
making  it  of  two  layers  of  cast  iron  plates,  with  an  air  space 
between.  The  plates  ai-e  usually  perforated  with  small  holes  for 
the  admission  of  air  to  bui-n  the  gaseous  ingredients  of  fuel,  and 
care  is  to  be  taken  to  place  no  two  of  those  holes  opposite  each 
other.  Thus  the  heat  which  is  radiated  through  the  holes  in  the 
inner  plate  is  intercepted  by  the  outer  plate.  The  greater  part  of 
the  heat  thus  received  by  the  plates  is  carried  back  into  the  furnace 
by  the  entering  stream  of  air.  To  intercept  the  heat  and  give  it 
out  to  the  entering  air  more  completely,  a  series  of  sheets  of  wire 
gauze  have  sometimes  been  interposed  between  the  outer  and  inner 
surfaces  of  a  perforated  furnace  door. 

The  most  complete  apparatus  for  intercepting  the  heat  radiated 
to  the  furnace  door  is  that  of  Mr.  Frideaux,  which  consists  of  three 
gratings,  each  made  of  a  series  of  thin  iron  plates  set  edgeways,  with 
narrow  passages  between  them  for  the  entering  stream  of  air.    The 
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radiant  heat  is  completely  intercepted  by  placing;  two  of  those  acta 
of  plates  with  opposite  obliquities,  and  the  third  parallel  to  the 
sides  of  the  furnace  mouth-piece. 

229.  Air  repaired  Air  C^nikastfM  «■«  DllatlMi. — The  number  of 
pounds  of  air  required  in  order  to  supply  the  oxygen  necessary  for 
the  combustion  of  one  pound  of  any  sort  of  fuel  whose  chemical 
composition  is  known,  may  be  computed  by  the  aid  of  the  data 
given  in  Article  223,  at  the  foot  of  page  269. 

To  express  that  weight  symboli^ly,  let  it  be  denoted  by  A; 
then,  C,  H,  and  O,  having  the  same  meanings  as  before. 


A=120  +  36  (h-~). 


.(1.) 


The  following  are  a  few  of  the  results : — 


Fuel. 

L  Charcoal — ^from  wood, ., 
from  peat,.... 

II.  Coke — good, 

Ill  Coal — anthracite, 

„  dry  bituminous, 
„        caking 

»  »      

„       cannel, 

„       dry  long  flaming, 
„       Hgnite, 

IV.  Peat — diy, 

V.  Wood — dry. 

VI.  Mineral  Oil, 


0. 

H. 

0. 

A. 

0-93 

ii-i6 

o-8o 

9-6 

0-94 

11-28 

0-915 

0-035 

0*026 

12-13 

0-87 

0-05 

004 

12-06 

0-85 

0*05 

o*o6 

"•73 

075 

0*05 

0-05 

10-58 

0-84 

006 

o-o8 

11-88 

077 

0-05 

0-15 

10-32 

070 

0*05 

0-20 

930 

0*58 

o*o6 

0-31 

7-68 

0-50 

6-00 

085 

0-15 

0 

15*65 

It  is  unnecessaiy  for  practical  purposes  to  compiite  the  air 
required  for  the  combustion  of  fuel  to  a  great  degree  of  exactness ; 
and  no  material  error  is  produced  if  the  air  required  for  the  com- 
bustion of  eveiy  kind  of  coal  and  coke  used  for  furnaces  is  estimated 
at  tiodve  pounds  per  pownd  qffud. 

Besides  the  air  required  to  furnish  the  oxygen  necessary  for  the 
complete  combustion  of  the  fuel,  it  is  also  necessary  to  furnish  an 
additional  qiiantitv  of  air  for  the  diltUian  of  the  gaseous  products 
of  combuRtion,  which  would  otherwise  prevent  the  free  access  of  air 
to  the  fuel. 

The  more  minute  the  division,  and  the  greater  the  velocity  with 
which  the  air  rushes  amongst  the  fuel,  the  smaller  is  the  additional 
quantity  of  air  required  for  dilution. 

From    various    experiments,    especially   those    made    for    the 
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American  government  by  Mr.  Johnson,  it  appears  that  in  ordinary 
boiler  fdmaoes,  where  the  draught  is  produced  by  means  of  a 
chimney,  the  weight  of  air  required  for  dilution  is  equal  to  that 
required  for  combustion;  so  that  if  A'  denotes  the  total  weight  of 
air  to  be  supplied  to  the  furnace  per  lb.  of  fuel, 

A' «  2  A  =  24  lbs.  nearly (2.) 

But  in  furnaces  where  the  draught  is  produced  by  means  of  a 
blast  pipe,  like  those  of  locomotive  engines,  or  by  means  of  a  fan, 
the  quantity  of  air  required  for  dilution,  although  it  has  not  yet 
been  exactly  ascertained,  is  certainly  much  less  than  that  which  is 
required  in  furnaces  witib  chimney  draughts ;  and  there  is  reason 
to  believe  that  on  an  average  it  may  be  estimated  at  about  (yM-hdf 
of  the  air  required  for  combustion ;  so  that  in  this  case, 

A'  =  I  A  =  18  lbs.  nearly (3.) 

This  estimate  is  iK>ughly  made ;  but  it  is  the  nearest  approxima- 
tion at  present  attainable.  It  is  probable  that  the  supply  of  air 
required  for  dilution  varies  considerably  in  different  arrangements 
of  furnace,  and  for  different  kinds  of  &el ;  and  it  is  possible,  that 
by  blowing  the  air  for  combustion  into  a  furnace  in  small  enough 
jets,  and  with  sufEcient  force,  air  for  dilution  might  be  rendered 
unnecessary,  so  that  A'  would  be  =  A. 

An  insufficient  supply  of  air  causes  imperfect  combustion  of  the 
fuel,  which  in  bituminous  coal  is  indicated  by  the  production  of 
smoke,  and  in  coke  and  blind  coal  by  the  discharge  of  carbonic 
oxide  gas  from  the  chimney.  That  gas  is  transparent  and  in- 
visible; but  its  presence  may  be  detected  by  the  blue  or  purple 
flame  with  which  it  bums  when  ignited  in  contact  with  fresh  air. 

An  excessive  supply  of  air  causes  waste  of  heat  to  the  amount 
corresponding  to  the  weight  of  air  in  excess  of  that  which  is 
necessary,  and  to  the  elevation  of  the  temperature  at  which  it  is 
discharged  fix>m  the  chimney  above  that  of  the  external  air. 

230.  DfaiiribattoM  •r  Fnei  aad  Air. — In  burning  charcoal,  coke, 
and  coals  which  contain  a  small  proportion  only  of  hydrocarbons,  a 
supply  of  air  sufficient  for  complete  combustion  will  enter  £rom 
the  ash  pit  through  the  bars  of  the  grate,  provided  there  is  a  suffi- 
cient draught,  and  that  care  is  taken  to  distribute  the  fresh  fuel 
evenly  over  the  fire,  and  in  moderate  quantities  at  a  time,  so  that 
the  thickness  of  the  layer  of  burning  fuel  shall  never  differ  much 
from  ten  or  twelve  inches. 

To  insure  the  complete  combustion  of  highly  bituminous  coal,, 
other  means  have  to  be  adopted.     That  invented  by  Watt  was  the 
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use  of  a  dead  plate;  that  is,  a  horizontal  or  slightly  inclined  plate 
at  the  mouth  of  the  furnace,  without  perfoiutious,  on  which  each 
fresh  charge  of  coal  is  laid,  until  the  hydrocarbons  are  volatilixed 
and  expelled  by  the  radiant  heat  of  the  fire.  The  layer  of  burning 
fuel  on  the  grate  being  thin  at  the  time  when  a  fresh  charge  is 
needed,  more  air  passes  through  it  from  the  ash  pit  than  is  neces- 
sary for  its  own  combustion,  and  the  surplus  serves  to  bum  the 
inflammable  gas  as  it  passes  above  the  grate.  When  the  coal  on 
the  dead  plate  has  been  reduced  to  coke,  it  is  pushed  inwards  and 
spread  over  the  fire.  The  success  of  this  process  depends  wholly 
on  the  care  and  skill  of  the  fireman.  It  is  useful  not  only  to  pro- 
mote complete  combustion,  but  to  prevent  the  clogging  of  the  bars 
by  caking  coaL 

In  burning  anthracite,  a  dead  plate  is  useful  for  a  different 
purpose,  viz.,  to  heat  the  fuel  gradually;  because  sudden  heating 
makes  it  fly  into  small  pieces,  which  drop  through  the  bars  into 
the  ash  pit,  and  are  partly  wasted. 

In  the  double  furnace  with  alternate  firing,  introduced  by  Mr. 
Fairbaim,  the  gas  distilled  from  the  fresh  fuel  in  one  of  a  pair  of 
furnaces  is  burned  by  the  excess  of  air  which  passes  through  the 
red  coke  on  the  grate  of  the  other  furnace. 

Another  mode  of  insuring  the  complete  combustion  of  the 
volatile  parts  of  the  coal  is  one  of  which  various  forms  have 
been  invented  by  Mr.  C.  W.  Williams,  Mr.  Prideaux,  Mr.  Clark, 
and  others,  and  consists  in  admitting  air  cibove  the  fuel  to  bum  the 
gas,  and  below  it  to  bum  the  coke. 

Mr.  Williams  admits  air  at  a  constant  rate  through  perforations 
in  a  double  door  and  double  front.  In  the  latest  practical  examples, 
the  total  area  of  these  perforations  is  ^  of  the  area  of  the  grate, 
when  25  lbs.  of  coal  are  burned  |)er  hour  on  the  square  foot  of 
grate;  that  is,  when  the  area  of  the  grate  in  square  feet  is  Vr  of 
t^e  number  of  lbs.  of  coal  burned  i)er  hour,  the  joint  area  of  the 
air  holes  is  vir  of  the  same  number. 

Mr.  Prideaux  uses  a  self-acting  apparatus  for  the  admission  of 
air,  like  a  Venetian  blind,  which  is  opened  when  fresh  coal  is 
supplied,  and  which  gradually  closes  as  the  gas  of  the  fresh  fuel 
becomes  exhausted.  The  object  of  this  is  to  supply  enough  of  air 
at  the  time  when  it  is  needed,  and  to  prevent  an  excessive  supply 
at  other  times.  Mr.  D.  K.  Clark,  by  steam  jets,  blows  in  jets  of 
air  through  holes  immediately  above  the  fuel 

According  to  a  method  which  seems  to  have  been  first  used  in 
America,  a  fen  blower  blows  air  through  two  sets  of  nozzles,  one 
opening  into  the  ash  pit,  which  is  closed  in  front,  and  the  other 
into  the  furnace,  immediately  above  the  fuel. 

Mr.  Gorman  opens  and  closes  the  front  of  the  ash  pit,  and  the 
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air  holes  in  the  front  of  the  furnaces,  alternately,  so  that  the  com- 
bustion of  the  gas  from  the  fresh  fiiel,  and  of  the  coke  left  after  its 
expulsion,  take  place  alternately. 

Dr.  Marsh  supplies  the  whole  of  the  air  for  burning  the  coke  as 
well  as  the  gas,  by  jets  dii^ected  downwards  on  the  fuel  from  above. 

Incomplete  combustion  of  fuel  is  often  caused  by  the  chilling 
and  extinguishing  of  flame  through  contact  with  the  surface  of  the 
boiler,  before  the  combustion  is  completed.  This  is  in  some 
furnaces  prevented  by  completing  the  combustion  in  fire-brick 
chambers  or  passages.  For  example,  in  the  furnaces  introduced 
by  Messrs.  Charles  Tennant  &  Company,  the  combustion  is  com- 
pleted in  an  arched  brick  oven  or  reverberatoiy  furnace,  before  the 
hot  gas  comes  in  contact  with  any  part  of  the  boiler.  The  sides 
and  roof  of  that  oven  consist  of  two  layers  of  flre-brick  with  a 
dosed  air  space  between,  as  already  described  in  Article  228. 

In  many  furnaces  the  principles  of  the  various  contrivances 
beforementioned  are  combined;  thus  double  fm-naces  are  used 
with  air  holes  in  the  front,  and  with  fire-brick  combustion  cham- 
bers. The  coal  burning  locomotive  furnaces  of  various  inventors 
are  of  this  class.  Various  furnaces  have  been  used,  such  as 
Juckes's,  in  which  the  fuel  is  supplied  at  an  uniform  rate  by 
mechanism. 

In  the  apparatus  known  by  the  name  of  the  "  Systdme  Beau- 
fum^^**  a  partial  combustion  of  the  fuel  is  efiected  in  a  fiimace 
surrounded  by  a  water  chamber,  and  supplied  by  a  fan  with  just 
enough  of  air  to  form  ccMrbonic  oxide  with  the  whole  of  the  free 
carbon,  and  volatilize  the  whole  of  the  hydrocarbons,  so  that  the 
whole  of  the  fuel  is  gasefied  except  the  ash.  The  mixture  of  car- 
bonic oxide  and  hydrocarbon  gases  thus  produced  is  conducted  by 
a  pipe  to  a  combustion  chamber,  where,  by  the  introduction  of  jets 
of  air  of  sufficient  volume,  it  is  completely  burned. 

If  smoke  is  mixed  with  carbonic  acid  gas  at  a  red  heat,  the  solid 
carbonaceous  particles  are  dissolved  in  the  gas,  and  carbonic  oxide 
is  produced.  This  is  the  mode  of  operation  of  contrivances  for 
destroying  smoke  by  keeping  it  at  a  high  temperature,  without 
providing  a  sufficient  supply  of  air;  and  the  result  is  a  waste, 
instead  of  a  saving  of  fuel. 

The  details  of  the  construction  of  various  furnaces  will  be  further 
considered  in  a  subsequent  chapter. 

231.  TeMip«nit«r«  of  Fire* — By  the  temperature  of  ike  fire  is  here 
understood  the  temperature  of  the  products  of  combustion,  and  the 
air  with  which  they  are  mixed,  at  the  instant  that  the  combustion 
is  complete.  The  elevation  of  that  temperature  above  the  tempera- 
ture at  which  the  air  and  fuel  are  supplied  to  the  furnace  may  be 
computed,  by  dividing  the  total  heat  of  combustion  of  one  lb.  of 


284  STEAM   AND  OTHER   HEAT  ENGINES. 

fuel  by  the  weight  and  by  the  mean  specific  heat  of  the  whole 
products  of  its  combustion,  and  of  the  air  employed  for  their 
dilution,  under  constant  pressure. 

The  specific  heat,  under  constant  pressure, 

Of  carbonic  acid  gas  is 0*217 

Of  steam, o'475 

Of  nitrogen,  (probably), 0*245 

Of  air, 0238 

Of  ashes,  probably  about 0*200 

By  using  these  data,  the  following  results  are  obtained  for  the 
two  extreme  cases  of  jrwre  carbon  and  ohfiant  gasy  burned  respeo- 
tively  in  air  :* — 

Fuel, Cabbok.  Olbfl4mt6a8 

Total  heat  of  combustion  per  lb. , 14 ,500  2 1 ,300 

Weight  of  products  of  combustion  in  )  ,,  ,       „ 

air,  undiluted, /  '3  lbs.  16-43  lbs. 

Their  mean  specific  heat, 0*237  0*257 

Specific  heat  X  weight,...  3-08  4*22 

Elevation  of  temperature  if  undiluted,  4580"*  5050** 

If  dUvled  unth  air  =  —  air /or  combustion — 

Weight  per  lb.  of  fuel, 19  24-2 

Mean  si)ecific  heat, 0*237         0*25 

Specific  heat  x  weight, 4-51           6*06 

Elevation  of  temperature, 3215®  3515** 

If  diluted  with  air  =  air  for  combustion — 

Weight  per  lb.  of  fuel, 25  31-86 

Mean  specific  heat, 0*238         0*248 

Specific  heat  x  weight, 5-94           7-9 

Elevation  of  temperature, 2440**  27 1 o® 

It  appears  from  these  calculations  that  the  mean  specific  heat  of 
the  products  of  combustion  of  furnaces  differs  very  little  from  that 
of  air  when  they  are  undiluted,  and  still  less  when  they  are  diluted 
with  air. 

232.  Bate  •€  c^nbastioB. — ^The  weight  of  fuel  which  can  be 
burned  in  a  given  time  in  a  given  furnace  depends  on  the  draughty 
or  quantity  of  air,  which  is  made  to  pass  through  that  furnace  in  a 
given  time,  and  may  be  computed  by  dividing  the  weight  of  that 

•  These  calculations  are  made  according  to  the  Bame  principles  with  those  of 
Mr.  Prideaux  in  his  treatise  on  EconoriMf  of  Fud,  Section  VI.;  but  there  are  some 
differences  in  the  data,  espedaUy  as  to  the  specific  heat  of  steam,  which  lead  ta 
differences  (though  not  great  ones)  in  the  numerical  resulu 
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air  by  the  proportion  which  that  weight  bears  to  the  weight  of  fuel 
which  it  can  completely  bnm,  according  to  the  principles  of  Article 
229. 

The  rate  of  combustion  of  coal  in  a  furnace  is  usually  stated  in 
pounds  per  hour,  burned  on  each  square  foot  of^raie.  The  follow- 
ing are  examples : — 

I.  With  Chimney  Draught. 

Lbs.  per 

square  foot 

per  hour. 

1.  The  slowest  rate  of  combustion  in  Cornish  boilers,  4 

2.  Ordinary  rate  in  these  boilers, 10 

3.  Ordinary  rates  in  factory  boilers, 12  to  16 

4.  Ordinary  rates  in  marine  boilers, 16  to  24 

5.  Quickest  rates  of  complete  combustion  of  dry  \ 

coal,  the  supply  of  air  coining  through  the  >     20  to  23 
grate  only, ) 

6.  Quickest  rates  of  complete  combustion  of  cak-  i 

ing  coal,  with  air  holes  above  the  fuel  to  the  >     24  to  27 
extent  of  ^ff  area  of  grate, j 

II.  With  Draught  Produced  by  Blast  Pipe  or  Fan. 

7.  Locomotives, 40  to  120 

233.  Draa^ht  af  Fanmccs.  —  The  draught  of  a  furnace,  or 
quantity  of  mixed  gas  which  it  discharges  in  a  given  time,  may  be 
estimated  either  by  weight  or  by  volume;  or  it  may  be  expressed 
by  means  of  the  velocity  of  the  current  at  some  particular  point; 
or  by  the  pressure  required  to  produce  that  current. 

When  either  the  whole  or  part  of  the  oxygen  in  a  given  weight 
of  air,  at  a  given  temperature,  combines  with  carbon  so  as  to  form 
carbonic  acid,  the  volume  of  the  mixed  gas  produced  is  the  same 
with  the  original  volume  of  the  air;  and  the  density  is  increased 
simply  in  the  ratio  of  the  sum  of  the  weights  of  the  air  and  of  the 
carbon  to  the  weight  of  the  air. 

When  the  whole  or  part  of  the  oxygen  of  a  given  weight  of  air 
combines  with  hydrogen  so  as  to  form  steam,  the  volume  of  the 
mixed  gas  produced  is  greater  than  the  original  volume  of  the  air 
by  an  amount  equal  to  one-half  of  the  volume  of  the  hydrogen 
taken  up^ 

But  the  hydrogen  in  ordinary  fuel  bears  so  small  a  proportion  to 
the  whole  weight,  that  in  calculations  for  practical  purposes,  the 
volume  at  any  given  temperature  of  the  gas  which  a  furnace  dis- 
chai'ges  may  be  treated  without  sensible  error  as  being  equal  to  the 
volume  at  the  same  temperature  of  the  air  with  which  it  is  supplied. 
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The  variations  of  density  pi-oduced  by  deviations  of  the  pressure 
of  the  furnace  gas  from  the  mean  atmospheric  pressure  may  also 
be  neglected  in  practice ;  so  that  its  vdwme  cU  32^  Fahrenheii  may 
be  estimated  approximately  at  12J  cubic  feet  for  each  lb.  of  aif 
supplied  to  the  furnace;  or,  if  the  supply  of  air  be 

Volume  at  32°  per 
lUofftid. 

12  lbs.  per  lb.  of  fuel, 150  cubic  feet 

18        „  „         225 

24        „  „         300 

The  volume  at  any  other  tempei-ature  T  is 

V  =  volume  at  32°  x  ^  ^^^.^  "^  =  Vo  '^ (1,) 

The  following  are  some  of  the  results : — 

Supply  of  air  in  lbs.  per  lb.  of  fuel. 
12    '  18  24 

Temperature.  Volume  of  gases  per  lb.  of  fuel  In  cubic  feet 
4640°  1551 

3275°  I 136  1704 

2500°  906  1359  181 2 

1832°  697  1046  1395 

1472°  588  882  1 176 

1112°  479  7I8  957 

752'  369  553  738 

572°  314  471  628 

392""  259  389  519 

212°  205  307  409 

104°  172  258  344 

68°  161  241  322 

32°  150  225  300 

Let  U)  denote  the  weight  of  fuel  burned  in  a  given  furnace  per 
iecond; 

Vq,  the  volume  at  32°  of  the  air  supplied  per  lb.  of  fuel ; 

r|,  the  absolute  temperature  of  the  gas  discharged  by  the  chimney; 

A,  the  sectional  ai*ea  of  the  chimney ;  then  the  velocity  of  the 
current  in  the  chimney  in  feet  per  second  is 

--"-^■- <^) 

and  the  density  of  that  current,  in  lbs.  to  the  cubic  foot,  is  very 
nearly 


DRAUGHT  OF  FURNACE.  287 

D  =  ^^  (0O8O7  +  Ij; (3.) 

Uiat  is  to  say,  from  0084  to  0-087  X  t^  -i-  t.. 

Let  I  denote  the  whole  length  of  the  chimney,  and  of  the  flue 
leading  to  it,  in  feet; 

fn,  its  "  hydraulic  mean  depth,**  that  is,  its  area  divided  by  its 
perimeter  (see  Article  99) ;  which,  for  a  square  or  round  flue  and 
chimney,  is  one  quaiter  of  the  diameter; 

/I  a  oo-effident  of  friction,  whose  value  for  currents  of  gas  moving 
over  sooty  surfaces  is  estimated  by  Peclet  at  0-012; 

G,  a  fiEMctor  of  resistance  for  the  passage  of  the  air  through  the 
grate  and  the  layer  of  fuel  above  it,  whose  value,  according  to  the 
experiments  of  Peclet  on  furnaces  burning  from  20  to  24  lbs.  of 
coal  per  square  foot  of  grate,  is  12. 

Then,  according  to  a  formula  of  Peclet,  confirmed  by  practical 
experience,  the  "  head  "  required  to  produce  the  draught  in  question 
is  given  by  the  equation 

'=S0+»+^')^ <*^ 

which,  with  the  values  assigned  by  Peclet  to  the  constants,  becomes- 

-IjO'^'^') (-)■ 

It  appears  that  in  using  this  formula,  a  conical  or  pyramidal 
chimney  may,  without  sensible  error,  be  ti-eated  as  if  it  were 
cylindrical  or  prismatic,  with  an  uniform  sectional  area  equal  to 
that  of  the  opening  at  the  top. 

The  same  formula  enables  the  velocity  t^  to  be  computed  when 
the  head  h  is  given;  and  then,  by  means  of  the  equation 

u>  =  -^, <^) 

the  weight  of  fuel  which  the  fiimace  is  capable  of  completely  burn- 
ing per  hour  can  be  computed. 

The  head  h  is  expressed  infeei  in  height  of  a  column  of  the  ftot  gas 
in  the  chimney.  It  may  be  converted  into  an  equivalent  pressure  in 
pounds  on  the  squcvre  foot^  by  multiplying  as  follows  by  the  density 
of  that  gas  as  given  by  equation  3 : — 


p  =  AD=A^«(o-0807  +  ~-); (6.) 
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and  this  again  may  be  converted  into  any  other  convenient  unit  of 
pressure,  by  multiplying  by  a  suitable  factor,  such  as  those  in 
Article  107,  page  110. 

An  unit  of  head  very  commonly  employed  is  an  inch  of  wafer; 
jsiphon  water  gauges,  graduated  into  inches,  and  decimals,  beini; 
used  to  indicate  the  difference  of  pressure  within  and  without  a 

flue.     For  this  unit  the  multiplier  is  ^         =0*192;  that  is  to  say, 

Head  in  inc/ies  oftoater  s=  0-192  j9  =  0-192  h  '^  (o-0807  +  J-Y  (7.) 

The  head  may  be  produced  in  three  ways — 
I.  By  the  draught  of  a  chimney. 
II.  By  a  blast  pipe. 

III.  By  a  fan  or  other  blowing  machine. 

I.  The  head  produced  by  the  draught  of  a  chinmey  is  equivalent 
to  the  excess  of  the  weight  of  a  vertical  column  of  cool  air  outside 
the  chinmey,  and  of  the  same  height,  above  that  of  a  vertical  colunm 
of  equal  base,  of  the  hot  gas  within  the  chimney;  and  when 
expressed  in  feet  of  hot  gas,  it  is  found  by  computing  the  weight  of 
a  column  of  the  cool  external  air  as  high  as  the  top  of  the  chimney 
is  above  the  grate  and  one  foot  square  in  the  base,  dividing  by  the 
weight  of  a  cubic  foot  of  the  hot  gas  for  the  height  of  an  equivalent 
column  of  hot  gas,  and  subtracting  the  former  height  from  the 
latter. 

Thus,  let  H  denote  the  height  of  the  chinmey,  and  xjthe  ahsduie 
temperature  of  the  external  air  (=  Tj  +  461° -2),  then 

H  •  ^  (00807) 

*  =  7-^-^ p  -H  =  H(0-96f»  -  l); (8.) 

^o(o.0807  +  ^j  '        ^ 

H  =  /i-(o-96^A  -l) (9.) 

^uation  9  serves  to  calculate  the  height  of  the  chimney  i^uiretl 
•in  oi*der  to  produce  a  given  draught 

For  a  given  external  tem|)erature,  there  is  a  certain  tem])erature 
within  the  chimney  which  produces  the  most  effective  draught; 
that  is,  the  maximum  loeiglU  of  hot  gas  discharged  per  second. 
That  temperature  is  found  as  follows : — 

The  velocity  of  the  gas  in  the  chimney  is  projwrtional  to  ^/A; 
and  therefore  to  ^  (0-9G  r^  -  r^). 
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Tbe  density  of  that  gas  is  proportional  to  — . 

The  weight  discharged  per  second  is  proportional  to  velocity  X 

deosiiy,  and,  therefore,  to  ^ ^ ^ :    which  expression  be- 

comes  a  maximum  when 

^»=l^l=2'''"«' <^^) 

therefore,  the  best  chimney-dratiglU  takes  place  token  tJis  ahsolute 
ieTnpercUutre  of  the  gas  in  the  cJdmnst/  is  to  thai  oftive  extenud  air  as 
25  to  12. 

When  this  condition  is  fulfilled,  we  have  evidently 

A  =  H; (11.) 

that  is,  the  head  for  the  best  chimney-draughtj  expressed  in  hot 
ffos,  w  equal  to  the  height  of  the  diimney;  and  it  is  also  obvious, 
that  the  density  of  the  hot  gas  is  one-half  of  tJiat  of  Ute  eaUemal  air. 

Suppose,  for  example,  that  the  temperature  of  the  external  aii 
on  the  ordinaiy  scale  is 50°  Fahr. 

then  its  absolute  temperature  is. 511*2 

the  absolute  temperature  within  the  chimney,  to  give 

the  best  draught,  is 2ti  X  5ii'2  =  10650 

corresponding  on  the  ordinary  scale  to 603  8 

being  a  little  below  the  tem])erature  of  melting  lead.  It  may  be 
laid  down  as  a  practical  rule,  that  to  insure  the  best  possible  drauglU 
through  a  given  chimnei/y  the  temperature  of  tfie  Iwtgas  in  tfie  chimney 
should  be  nearly,  but  not  quite,  sufficient  to  melt  lead. 

As  the  proper  allowance  of  air  for  a  chimney-draught  is  24  ll>s. 
to  each  lb.  of  fuel,  the  volume,  at  that  temperature,  of  the  hot  gas 
discharged  by  the  chimney,  is  about  650  cubic  feet  per  lb.  of  fue^, 
or  26  cubic  feet  per  lb.  of  the  hot  gas  itselL 

When  the  temperature  in  a  chimney  is  found  to  be  above  this 
limit,  it  is  to  be  reduced,  not  by  admitting  cold  air  to  dilute  the 
hot  gas,  but  by  employing  the  surplus  heat  for  some  useful  purpose, 
such  as  heating  or  evaporating  water. 

So  long  as  the  draught  in  a  chimney  is  sufficient  to  bum  the 
requisite  quantity  of  fuel  m  the  furnace,  the  temi^rature  in  the 
chimney  may  often  be  reduced  with  advantage  considerably  below 
that  corresponding  to  the  most  effective  draught,  provided  the  heat 
abstracted  from  the  hot  gas  is  usefully  employed ;  but  it  is  ni^ver 
advantageous  to  raise  the  temperature  in  the  chimney  ctbove  that 
limit. 

II.  The  head  produced  by  a  blast  pipe  is  equivalent  to  that  pai-t 
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of  the  atmospheric  pressure  which  is  balanced  by  means  oi  the 
im|)act  of  the  jet  of  steam  against  the  column  of  gas  in  the  chimney 
Its  amount  and  effect  will  he  considered  in  a  subsequent  chapter. 

III.  The  work  which  a  fan  or  other  blowing  machine  must  per- 
form in  a  given  time  in  blowing  air  into  a  furnace  so  as  to  produce 
a  given  head,  is  found  by  multiplying  the  pressure  equivalent  to 
that  head,  in  pounds  on  the  square  foot  {p,  equation  6),  into  the 
number  of  cubic  feet  of  air  blown  in,  taken  at  the  temperature  at 
which  it  quits  the  blowing  machine.  Let  r^  be  that  tempeiutare 
on  the  absolute  scale  (being  equal  to,  or  higher  than  t^,  that  of  the 
external  air,  as  the  case  may  be) ;  then  the  net  or  useful  work  of 
the  blowing  machine  per  second  is 

p.'!!Z<LL3  =  ti,Vo-^A(o0807  +  4-) (12.) 

The  gross  power  or  energy  required  to  drive  a  blowing  &n  is 
greater  than  the  useful  work  in  a  proportion  which  varies  much 
in  different  machines,  and  is  very  uncertain.  In  some  recent 
experiments,  as  nearly  as  it  could  be  ascertained,  the  indicate<l 
power  exerted  by  two  steam  engines  driving  fans  through  long 
trains  of  shafting,  pulleys,  and  belts,  appeared  in  each  case  to  be 
about  cUmble  of  the  useful  effect 

234.    AvnIlaMe    Heat    of   CombaaUoii— Eflcleiicy    •€    Fiiraiic«. — 

The  a/oaUahle  heat  of  combustion  of  one  pound  of  a  given  sort  of 
fuel,  is  that  part  of  the  total  heat  of  combustion  which  is  com- 
municated to  the  body  to  heat  which  the  fuel  is  burned;  for 
example,  <o  the  water  in  a  steam  boiler;  and  the  ejiciena/  of  a 
given  furnace,  for  a  given  sort  of  ftiel,  is  the  pro|)ortion  which  the 
available  heat  beai*s  to  the  total  heat,  when  the  given  sort  of  fuel  is 
burned  in  the  given  furnace. 

The  word  "  furnace "  is  here  to  be  understood  to  comprehend, 
not  merely  the  chamber  in  which  the  combustion  takes  place,  but 
the  whole  apparatus  for  burning  the  fuel  and  transfeiring  heat  to 
the  body  to  be  heated,  including  ash  pit,  air  holes,  flame  chamber^ 
flues,  tubes,  and  heating  surface  of  every  kind,  and  chimney. 

The  same  kind  of  furnace  may  be  more  efficient  for  one  sort  of 
fuel  than  for  another;  and  it  may  also  be  more  or  less  efficient  for 
the  same  sort  of  fuel,  accoi'ding  to  the  way  in  which  the  combustion 
is  managed. 

The  available  heat  falls  short  of  the  total  heat  from  several 
causes,  of  which  the  principal  ai'e  the  following : — 

I.  Wctste  of  Unbarnt  Fud  in  the  Solid  SuUe, —This  generally 
arises  from  brittleness  of  the  fuel,  combined  with  want  of  care 
in  the  stoker,  by  which  causes  the  fuel  is  made  to  fall  into  smaU 
'eoes,  which  escape  between  the  grate  bars  into  the  ash  pit 
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Many  of  the  most  valuable  kinds  of  coal,  such  as  the  dry  steam 
coals,  are  brittle.  The  waste  of  such  coals  in  the  solid  state  is  to 
be  prevented  by  the  following  means: — (1.)  They  are  to  be  thrown 
evenly  and  uniformly  over  the  tire  with  the  shovel,  so  that  there 
shall  be  no  occasion  to  disturb  them  after  they  are  tii*st  thrown  in. 
(2.)  The  fire  is  not  to  be  stin-ed  from  above;  and  the  grate  bars 
ai"e  to  be  cleared  when  required,  by  a  hook  or  slice  from  below. 
(3.)  The  ashes  are  to  be  riddled  from  time  to  time,  and  the 
small  coal  or  cinders  contained  amongst  them  thrown  upon  the 
fires.     (See  page  564.) 

It  is  impossible  to  estimate  the  greatest  amount  of  this  kind  of 
waste  which  may  arise  from  careless  firing  ;  but  the  amount  which 
is  unavoidable  with  good  firing  has  in  some  cases  been  ascertained 
by  experiment,  and  found  to  range  from  nothing,  up  to  about  2^ 
per  cent. 

11.  The  Waste  of  UtiiywrrU  Fuel  in  the  Gaseous  and  Snwky  States, 
and  the  means  of  preventing  that  waste,  by  a  sufficient  supply  and 
proper  distribution  of  air,  have  been  stated  in  the  preceding 
Articles. 

The  greatest  probable  amount  of  that  waste,  when  the  absence  of 
any  provision  for  introducing  air  to  bum  the  inflammable  gases  is 
combined  with  bad  firing,  may  be  estimated  by  taking  the  propor- 
tion in  which  the  total  heat  of  combustion  of  the  coke  or  fixed 
carbon  contained  in  one  pound  of  the  coal  is  less  than  the  total 
heat  of  combustion  of  all  the  constituents  of  one  pound  of  the 
ooaL 

When  the  firing  is  conduct<;d  with  care,  but  the  supply  of  air 
insufficient,  the  waste  may  be  estimated  by  treating  the  hydrogen 
as  ineffective;  that  is,  by  taking  the  proportion  in  which  the  heat 
due  to  the  whole  of  the  carbon  in  the  coal  is  less  than  the  heat  due 
to  the  carbon  and  to  the  hydwgen  in  excess  of  that  required  to 
form  water  with  the  oxygen  in  the  coal.  This  method  of  calcula- 
tion proceeds  on  the  supposition,  that  the  whole  of  the  hydrocarbons 
are  decomposed  into  carbon  and  hydrogen  by  the  heat,  that  the 
carbon  is  completely  burnt,  and  tliat  the  hydrogen  escapes  unbumt. 
That  supposition  appears  to  represent  with  an  approach  to  accuracy 
the  state  of  things  in  good  ordinary  steam  boiler  furnaces  which 
have  no  special  provision  for  distributing  air  amongst  the  inflam- 
mable gases;  for  the  result  of  experience  with  such  furnaces  is,  that 
the  relative  values  of  coals  consumed  in  them  are  nearly  propor 
tional  to  the  quantities  of  carbon  contained  in  those  coals. 

It  appears,  then,  that  there  are  tuoo  degrees  of  waste  from  imper- 
fect combustion  of  the  gas  and  smoke  from  one  pound  of  bituminous 
coal,  which,  as  reduced  to  equivalent  weighig  of  carbon,  may  be 
expressed  as  follows :«- 
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tocarbim. 


4-^8 


{»-i)- 


10-28 


(H-?)> 


(1.)  Insufficient  air,  but  good  firing,  the  am*- 

plus  hydrogen  wasted, 

(2.)  Very  insufficiert  air,  and  bad  firing;  all 

the  hydrocarbons  wasted.    If  the  hydrogen 

and  carbon  in  these  are  combined  in  the  /        qv 

same  pro|x)rtion  as  in  march  gas  (0  H^);  [     7*28  (H  —  —J; 

then  for  every  lb.  of  hydmgen  wasted,  3  \  -      0/ 

lbs.  of  carbon  are  wasted  also ;  giving  as 

the  total  waste  reduced  to  carbon, 

If  the  hydrogen  and  carbon  are  combined  in  ' 

the    same    proportion    as    in   olefiant  gas 

(O2  H^),    then    for   every  lb.  of  hydrogen 

wasted,  6  lbs.  of  carbon  are  wasted  also; 

giving  as  the  total  waste  reduced  to  carbon, 
and  for  intermediate  proportions,  intermediate 

quantities  ai*e  wasted. 

III.  Waste  by  External  RadicUion  and  Conduction, — The  waste 
by  direct  radiation  from  bui*ning  coal  through  an  open  tire  door  may 
be  approximately  estimated  according  to  the  principles  of  Article 
228,  by  assuming,  in  the  fii*st  place,  the  heat  directly  radiated  from 
the  fuel  to  be  one-half  of  the  total  heat  of  combustion ;  next,  oaa- 
ceiving  the  surface  of  the  burning  mass  to  be  divided  into  several 
small  equal  parts,  ivom.  each  of  which  an  equal  share  of  the  heat 
radiates;  then,  finding  what  fraction  of  the  surface  of  a  sphere  de- 
scribed about  one  of  those  parts  is  subtended  by  the  opening  through 
which  the  radiation  takes  place,  and  multiplying  the  share  of  heat 
radiated  from  the  ))art  of  the  fuel  in  question  by  that  fraction ; 
and,  lastly,  adding  together  the  product  so  found  for  the  several 
parts  of  the  burning  fuel.  The  loss  by  conduction  through  the 
solid  boundaries  of  the  furnace  might  be  estimated  from  their  ai^ea, 
their  material,  their  thickness,  their  thermal  resistance,  and  the 
difference  of  the  temperatures  within  and  without  the  furnace,  by 
the  principles  of  Article  219. 

In  well  planned  and  well  constructed  furnaces,  however,  those 
losses  of  heat  ^ould  be  practically  inappreciable;  and  the  general 
natui-e  of  the  means  of  making  them  so  has  been  stated  in  Article 
228. 

IV.  Waste  or  Lose  of  Ileal  in  the  Hot  Gas  which  Escapes  by  tJie 
Chimney. — Considering  that  the  temperature  of  the  fire,  in  a  fiuv 
nace  with  a  draught  pi-oduced  by  a  chimney,  and  supplied  with  24 
Ibi  of  air  per  lb.  of  fuel,  is  about  2400**  Fahr.  above  the  tempera- 
tufe  of  the  external  air,  and  that  the  temperature  of  the  hot  gas  in. 
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the  chimney,  in  order  to  produce  the  best  possible  draught,  shoulcT 
be  about  600**  above  the  temperature  of  the  external  air,  it  appeal's,, 
that  under  no  circumstances  can  it  be  necessary  to  expend  more- 
than  ons'/ourth  of  the  total  heat  of  combustion  for  the  pur]H)8e  of 
])roducing  a  draught  by  means  of  a  chimney.  By  making  the 
chimney  of  lai^  enough  dimensions  as  compared  with  the  grate,  a 
much  less  expenditure  of  heat  than  this  may  be  made  to  produce  a 
dntught  sufiicient  for  the  rate  of  combustion  in  the  furnace. 

When  the  draught  is  produced  by  means  of  a  blast  pipe,  or  of  a 
blowing  machine,  no  elevation  of  temperature  above  that  of  the 
external  air  is  necessary  in  the  chimney;  therefore,  furnaces  in 
wliich  the  draught  is  so  produced  are  capable  of  greater  economy* 
than  those  in  which  the  draught  is  produced  by  means  of  a  chimney^ 

It  appears  further,  as  has  ali'eady  been  stated,  that  with  a  forced*, 
di-aught  there  is  less  air  required  for  dilution,  consequently  a  higher- 
temperature  of  the  fire,  consequently  a  more  rapid  conduction  of 
heat  through  the  heating  surfjice,  consequently  a  better  economy  of  ' 
heat  than  there  is  with  a  chimney-draught. 

The  proportion  of  the  whole  heat  which  is  lost  with  the  gas 
discharged  by  the  chimney  depends  mainly  on  the  efficiency  of  the.- 
heating  s^irfacej  which  has  already  been  considered  in  Article  221, 

Referring  to  equation  13,  in  case  2  of  that  Article,  let  E  denote 
the  theoretical  evaporative  i)ower,  and  E'  the  available  evaporative 
power,  of  one  lb.  of  a  given  sort  of  fuel,  in  a  boiler  furnace  in  which 
the  area  of  heating  surface  is  S.     Then 

E=®'     ^ac'2\V^ (^"^ 

S+— g- 

Where  B  is  a  fractional  multiplier,  to  allow  for  miscellaneous  losses 
of  heat,  whose  value  is  to  be  found  by  experiment 

Now  c^  W^  is  proportional  nearly  to  F*  VJ,  where  F  is  the- 
number  of  lbs.  of  fuel  burnt  in  the  furnace  in  a  given  time,  and 
Vq,  as  in  a  former  Article,  the  volume  at  32®  of  the  air  supplied 
|)er  lb.  of  fneL     Also,  H  oc  F  x  a  constant. 

Hence  it  may  be  expected,  that  the  efficiency  of  a  furaace  will 
lie  expressed  to  an  approximate  degree  of  accuracy,  by  the  follow- 
ing formula : — 

E-S  +  A  F'  ^-"^ 

in  which  A  is  a  constant,  which  is  to  be  found  empirically,  and  is 

•  This  formala,  and  most  of  the  examples  which  follow  it,  were  fiwt  pti|>li4bad  \m 
•  paper  read  to  the  Institution  of  Engineers  in  Scotland,  on  the  20th  of  April,  185». 
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probably  proportional  approximately  to  the  square  of  the  quantity 
of  air  supplied  per  lb.  of  fuel. 

It  is  cuBtomary  and  convenient  to  refer  various  dimensions  and 
quantities  relating  to  a  furnace  to  the  square  foot  of  grcUe;  there^ 
fore  S  may  be  taken  to  repi-esent  the  number  of  square  feet  of 
heating  surface,  and  F  the  number  of  Ibt*.  of  fuel  burnt  per  hour, 
j)eT  sqvxirefoot  qfgrcUe, 

The  following  aix)  the  values  of  the  constants  B  and  A  which 
have  been  found  to  agree  best  with  experiment,  so  far  as  the 
practical  perfoi^mance  of  boilers  has  hitherto  been  compared  with 
the  formula : — 

Boiler  Class  I.  The  convection  taking  place  in  the 
best  manner  (see  Article  220),  either  by  introduc- 
ing the  water  at  the  coolest  pait  of  the  boiler,  and 
making  it  travel  giudually  to  the  hottest  (as  in 
Loixi  Dundonald's  boiler),  or  by  heating  the  feed- 
water  in  a  set  of  tubes  in  the  uptake ,  the  draught  B  A 
produced  by  a  chimney, i       0*5 

Boiler  Class  II.  Ordinary  convection,  and  chimney 

draught, \\      05 

Boiler  Class  III.  Best  convection,  and  forced  draught,     i       0*3 

Boiler  Class  IV.    Oi-dinary  convection,  and  forced 

diuught, U      o'3 

When  there  is  a  feed- water  heater,  its  suiface  sliould  be  included 
in  computing  S ;  and  the  suiface  of  tubes  surrounded  by  water  Ls 
to  be  measured  outside. 

The  formula  is  of  course  not  intended  to  supersede  experiments 
and  practical  trials,  nor  to  give  results  as  accurate  and  satisfactoiy 
as  such  experiments  and  trials,  but  to  furnish  a  convenient  means 
of  estimating  approximately  the  evaj>orative  j)ower  of  fuel  in  piXH 
posed  boilers,  and  the  comparative  efficiency  of  different  boilers. 

The  formula  is  framed  on  the  supposition  that  the  admission  of  air 
and  the  management  of  the  lire  are  such,  that  no  appreciable  loss 
occui-s,  either  fix)m  im|>erfect  combustion  or  fi-om  excess  of  air,  the 
construction  and  pi-oportions  of  the  fiunace,  and  tlie  mode  of  using 
it,  being  the  best  |K>ssible  for  each  kind  of  coal. 

If  desired,  the  effect  of  imperfect  combustion  and  bad  firing  may 
Ite  estimated  in  the  manner  described  in  Division  III.  of  this 
Article,  and  that  of  an  excess  of  air  by  increasing  A  in  proportion 
to  the  S4)uare  of  the  quantity  of  air  supplied. 

The  following  are  examples  of  efficiency  calculated  by  means  of 
the  formula: — 
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ET 

E* 

s 

For  cliws  of  boiler 

Y 

I. 

11. 

III. 

IV. 

OI 

o-i6 

0-15 

025 

0-22 

025 

033 

0-31 

0-45 

043 

05 

050 

0*46 

0-62 

0-59 

075 

060 

055 

071 

068 

10 

0-66 

06 1 

077 

073 

125 

071 

065 

081 

077 

1-5 

075 

0*69 

0-83 

079 

2-0 

o-8o 

073 

0-87 

0-83 

2*5 

0-83 

076 

089 

0-85 

30 

0-86 

079 

091 

0-86 

6-0 

092 

0-84 

095 

090 

9-0 

095 

0-87 

o'97 

0*92 

The  followiug  are  particular  cases : — 
L  North  country  coal — 

E=15-5;S  =  ig^  =  48;F: 


.25; 


boiler  with  feed-water  heater,  and  chimney-draught ;  or  Class  I. — 
E'  =  15-5  X  0-8  =12-4. 

This  agi'ees  closely  with  the  results  of  the  experiments  at  New- 
castle on  fresh  coal,  both  by  the  Newcastle  committee,  and  by  the 
Admiralty  reportei-s. 

II.  Same  coal,  same  boiler  without  heater — 


S  = 


755 

22  '' 


:35;  F  =  27. 


Boiler  Class  II.— 


^  =  15-5  X  0-66  =  10-23. 

This  nearly  agrees  with  an  experiment  made  by  the  Admiralty 
rejwrters  at  Newcastle,  in  which  the  result  was  10*54. 
III.  Same  coal — 


S  =  25 ;  F  =  25  j  no  heater. 


Boiler  Chiss  II.- 


E'=l5-5  X  0-61  =9-5. 
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This  applies  to  several  ordinary  marine  boilers. 

I V.  Locomotive  boiler,  Class  IV. — 

Coke,  E  =  say  14*1 ;  S  =  60;  F  =  56. 
E  =  U'\  X  -74  =  10-43  from  212**; 
Equivalent  evaporation  from  62**  at  329*, 

The  above  pro|)ortions  of  S  and  F  are  computed  from  a  formula 
of  Mr.  D,  K.  Clark,  as  being  suitable  to  insure  an  evaporative 
jiower  of  9,  from  62"  at  329°.     The  difference  is  only  A. 

V.  Locomotive  boiler.  Class  IV.  (mean  of  Mr.  D.  K.  Clark's 
exi)eriments,  Nos.  38,  39,  40,  41,  42)-- 

E  =  8ayl41;  S=83;  F=:65J; 

E  =  14-1  X  -77  =  10-86  from  212« ; 

Equivalent  evaporation  fi*om  62°  at  329®, 

^  =  905 

Mean  result  of  exj)eriments, 8-72 


Difference, 033 

VI.  Locomotive  boiler,  Class  IV.  (mean  of  Mr.  D.  K.  Clark's 
experiments,  Nos.  48,  49,  50,  51,  53)-— 

E  =  say  14-1;  S=r  664;  F  =  56-2; 
E  =  14-1  X  -76  .=  10-72  from  212° ; 
Equivalent  evaiK)ration  from  62°  at  329°, 

Mean  result  of  exj)eriment8, 8  75 

Difference, 018 

VII.  liocomotive  boiler.  Class  IV.  (Mr.  D.  K.  Clark's  experi- 
ment. No.  55;  mean  of  10  trii)6) — 

E  =  say  14-1;  8  =  57;  F  =  44; 
E'=  14-1  X  -77  =  10-86  from  212°. 
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Equivalent  evaporation  fram  62^  at  329% 

Result  of  experiments, 900 

Difference, OOo 

VIII.  Locomotive  boiler,  Class  IV.  (Mr.  D.  K.  Clark's  exj»eri- 
ment.  No.  61,  mean  of  8  trips) — 

E=:say  141;  S  =  60;  P  =  87; 

F  =  Ul  X  -66  =  9-3 from  212^ ; 

Equivalent  evaporation  from  62"  at  329°^ 

YT.  =  7-75 
Result  of  experiment, 7*2 


Difference, 0*55 

The  only  principle  followed  in  selecting  experiments  from  Mr. 
Clark's  table  is  that  of  giving  the  preference  to  those  cases  in  which 
a  mean  can  be  obtained  from  the  results  of  a  large  number  of 
experiments  under  similar  or  nearly  similar  circumstances. 

The  general  conclusion  to  be  di-awn  from  the  preceding  compari- 
sons is,  that  the  formula  agrees  closely  with  the  results  of  exj)erimeut 
up  to  a  rate  of  consumption  of  about  60  lbs.  j)er  square  foot  of 
gi*ate;  and  that  above  that  rate  of  consumption,  although  thei^e  is 
Btill  an  approximate  agreement,  the  results  of  experiment  fall 
somewhat  short  of  those  given  by  the  formula.  It  is  probable^ 
however,  that  for  those  high  rates  of  consumption,  the  com  bus- 
titin  is  not  so  complete  as  at  lower  rates,  and  that  some  heat  is 
Consequently  wasted, 
quently  wasted. 

Exampls  IX. — Boiler  Class  II. — 

E  =  about  15^;  S  =  60,  nearly  ;  F  =  6*4 ; 
^  =  15^  X  •87  =  13-48 
Result  of  experiment, 13'o6 

Difference, OOS 

The  above  is  the  n^sult  of  an  experiment  of  the  Author'a 
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Example  X.  —The  Earl  of  DundonaUrs  boiler.  This  boiler  is  considered  as 
belonging  to  Class  I.,  because  of  the  feed-water  lieiug  iutroduoed  at  the  part 
where  the  gas  from  the  furnace  is  coolest — 

E  =  about  16?  (for  hand-picked  LUnji^ennech  coal); 
8  =  33-6;  F  =  lU  17;  E'  =  10  x  087  =  13-92 
Mean  result  of  two  experiments  with  the  feed-water  at^  xAjna 

60°,  1214  X  factor  of  evaporation  1  17 \   ^^  ^ 

Difference, 0*28 

Addendum  to  Article  254,  page  324,  and  Article  317,  page  465. 

Oiitflaw  of  Strain. — Let  pi  be  the  absolute  pressure  inside  a  ve«sfl,  «ucb  sih  a 
boiler,  and  p^  the  absolute  pressure  outside.  Let  U  denote  tbe  work  done  by  an  unit 
of  weight  of  steam,  if  sdinitttKl  into  a  cylinder  at  the  pressure  pi.  expanded  till  the 
pressure  &ll8  to  p%^  and  expelled  at  tbe  latter  presHure.  Then  the  velocity  with 
which  the  steam  will  escape  from  an  outlet  in  the  vessel  will  be  given  by  the  lulltmr- 
itxg  formula,  in  which  g  denotes  gravity : — 

V  =  V'  (2iy  U) (1.) 

Let  u  be  tbe  volume  occupied  by  unity  of  weight  of  the  steam  at  the  instant  when 
4ts  expansion  is  complete ;  tlien  the  wei^lit  of  steam  whidi  escapes  per  second  through 
each  unit  of  effective  area  of  outlet  is  expressed  as  follows : — 

7  +  «  =  i/(2^U)-Mi. (2.) 

The  following  are  the  rules  to  be  uned  for  finding  IJ  and  u  in  different  ca<ie4 :  ~ 
Cask  I.    For    tlie   escaiie   through   a   non-conducting   nozzle;    »,  Article  281, 

equation  (d),  page  384  ;  or  equation  (.>),  page  886;  U,  Article  284,  equation  (1),  or 

<1  A),  page  887. 

Cask  11.    For  the  escape  through  a  nozzle  which  communicates  to  the  steam  just 

beat  enough  to  prevent  liquefaction  ;  «  (=  Vf),  Article  287,  equation  (1  a),  page  8i)8; 

or  the  Uble  headed  "Steam  bv  the  Pound,*'  pages  564  to  567;  U  (=    r^  9  d  p\ 

J  Pi 
rticle  287,  equation  (2),  page  398 ;  or  the  before-mentioned  table ;  or  the  diagrams 
the  end  of  the  volume ;  or  the  following  approximate  formuln  : — 


a  =  r2 


>r.(^l)",  U=,nr.-17   !l-g)^|i (8) 


Casb  III.  For  steam-  gas,  the  fornmlB  of  Article  254,  page  824.  The  efieUce  area 
of  outlet  is  the  sectional  area  of  the  escaping  jet  at  the  point  where  the  absolute 
prsssure  is  p^.  For  conoidal  converging  nozzles,  and  with  p^  not  less  than  |  pi,  the 
effective  area  may  be  tal&en  as  equal  to  the  actual  area  at  the  outer  end  of  the  nozzle. 

The  above-mentioned  value  of  the  external  pressure,  ;?,=  |  pi,  or  thereabouts, 
gives  a  maximum  value  to  Uie  weight  of  outflow,  V-ru;  and  the  experimenU  of 
Mr.  It.  D.  Napier  have  shown  that  probably,  when  p^  <  i  /»i,  the  effective  ares  of 
outlet  becomes  greater  than  that  of  the  nozzle  in  such  a  proportion  that  the  weight 
of  outflow  remains  constant  for  a  given  internal  pressure. 

F(ir  a  rough  approximatit  n,  let  q  be  ttie  weight  of  outflow  per  unit  aim  per 
second;   then,  ^heu  />g  =  oi  <  J//j,  9  =  ;>i  -r-70  nearly;  and  when  p^  >  ipii 
9  =  (A's -T- 42)  •  V  (f/i  -  Pi) -5-i/>8.) 

{8ee  7*Ae  Enjwter  for  bepiember,  October,  November,  and  December.  1869.) 
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CHAPTER  lit 

PRINCIPLES    OP  THERM0DTNAHIC8. 

Section  1. — Ofths  Txjoo  Laws  of  Thermodynami4x, 


235.  ThenH«diirBaMics  D«flaed It  is  a   matter  of  Ordinary 

observation,  that  heat,  by  ex|)anding  bodies,  is  a  source  of  me- 
chanical  enei-gy;  and  conversely,  that  mechanical  energy,  being 
expended  either  in  compressing  bodies,  or  in  friction,  is  a  source  of 
beat.  Such  phenomena  have  already  been  incidentally  referred  to> 
in  Article  13,  under  the  head  of  Friction;  in  Article  195,  where 
the  relations  between  heat  and  mechanical  energy  are  mentioned  ; 
in  Article  196,  under  the  head  of  the  Pi-operties  of  the  Condi tioik 
of  Heat,  numbered  IV.,  V.,  and  VI.;  and  in  Articles  211  to  216^ 
under  the  head  of  Latent  Heat,  which  disapj^ears  in  producing 
mechanical  changes,  and  can  be  reproduced  by  reversing  those 
changes. 

The  redaction  of  the  laws  according  to  which  such  phenomena 
take  place,  to  a  physical  theory,  or  connected  system  of  principles^ 
ci institutes  what  is  called  the  science  op  thermodynamics. 

236.  FIrvt  Mmw  •€  Thermodyaiiiiiic*.  —  Hetxt  cmd  mechanicdt 
energy  are  mutually  convertible;  and  heat  requires /or  its  productioUy 
and  j/roduces  by  Us  disappearance,  mechanical  energy  in  fhe  jyropor^ 
tion  of  11^  foot-pounds  for  ea/ih  British  unit  of  heat:  the  said  unit 
being  the  amount  of  heat  required  to  raise  the  temperature  of  one 
pound  of  liquid  water  by  one  degree  of  Fahrenheit,  near  the 
temperature  of  the  maximum  density  of  water.  This  law  may  be 
considered  as  a  particular  case  of  the  application  of  two  moie 
general  laws,  viz. : — 1.  All  forms  of  energy  are  convertible.  2.  The 
total  energy  of  any  substance  or  system  cannot  be  altered  by  the 
mutual  actions  of  its  parts. 

The  quantity  above  stated,  ^72  foot-pounds  for  each  British 
thermal  unit,  is  commonly  called  "  Jovlis  equivalent^''  and  denoted 
by  the  symbol  J,  in  honour  of  Mr.  Joule,  who  was  the  first  t^ 
determine  its  value  eoMctly.  His  first  approximate  detorminatioii 
of  this  quantity  was  published  in  1843,  a  little  after  that  of  Mayer; 
his  best  set  of  experiments,  from  which  the  accepted  value  772  i» 
deduced,  may  be  consulted  in  the  Philosophical  Transactions  for 
1850. 
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In  these  experimeDts,  the  heat  produced  by  mutual  friction  of 
the  particles  of  a  liquid  wa^  compared  with  the  mechanical  energy 
expended  in  producing  that  friction.  The  advantage  of  this  kind 
of  experiment  is,  that  the  liquid,  and  all  the  parts  of  the  apparatus, 
are  left  exactly  in  the  same  condition  at  the  end  of  the  experiment 
as  they  were  at  the  beginning ;  so  that  it  is  certain,  that  no  per- 
manent effect  whatsoever  has  been  produced  by  the  mechanical 
energy  expended,  except  a  certain,  quantity  of  heat,  which  is 
accui  ately  measured ;  and,  therefore,  that  the  heat  so  produced  Is 
the  exact  equivalent  of  the  mechanical  energy  expended. 

In  all  other  cases  in  which  heat  is  produced  by  the  expenditure 
of  mechanical  energy,  or  mechanical  energy  by  the  expenditure  of 
heat,  some  other  change  i»  produced  besides  that  which  is  princi- 
pally considered ;  and  this  prevents  the  heat  and  the  mechanical 
energy  from  being  exactly  equivalent. 

The  following  are  the  values  of  Joule's  equivalent  for  different 
thermometric  scales,  and  in  French  and  British  units:  — 

J. 

One  British  thermal  unit,  or  degree  of  i  -    ,  ., 

Fahrenheit  in  a  lb.  of  water, J     '* 

One  Centigrade  degree  in  a  lb.  of  water,  1389*6       „ 
(or  very  nearly  1390). 

One   French  thermal  unit,  or  Centi-  ] 

grade   degi-ee   in  a  kilogramme  of  I  423*55  kilogrammdtres. 
water, I 

The  pi*oduction  of  heat  by  friction  is  distinguished  from  its  pro- 
duction by  other  mechanical  means,  such  as  the  compression  of 
gases,  in  being  irreversible;  that  is  to  say,  it  is  impossible  to  make 
heat  produce  mechanical  energy  by  any  such  means  as  reversing  tlie 
process  qf/riction, 

237.  Drminilral  •xpremi«B  •€  QimibiHIm  •f  Heal. — All  quantities 
of  heat,  such  as  the  specific  heat  of  any  substance,  or  the  UUerU  fteat 
corresponding  to  any  physical  effect,  or  any  other  of  the  quantities 
of  hejit  treated  of  in  Chapters  I.  and  II.,  may  be  expressed  dynami- 
cally, that  is,  in  units  of  work,  by  multiplying  their  values  in 
ordinary  units  of  heat  by  Joule's  equivalent.  Several  examples  of 
this  mode  of  expressing  quantities  of  heat,  which  is  by  far  the 
most  convenient  in  treating  of  thermodynamical  questions,  are 
given  in  the  tables  at  the  end  of  this  volume.  The  followiug  are 
additional  examples : — 

Foot-!'  8. 


Latent  heat  of  evaporation  of  1  lb.  of  water,  from  |  „ 

and  at  212», .'. J      745.8ia 

Total  heat  of  combu.stion  of  I  lb.  of  carbon, 11,194,000 
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Fijj.  91. 


238.  OrapUc  BcpreMiM«lUB  •f  Ike  Flivt  I.«w. — In  tig.  91,  let 
abscissse,  measured  along,  or  pamllel  to,  the  axis  O  X,  represent 
the  vohimes  suooessively  awumed  by  a  given  ^ 
mass  of  an  elastic  substance,  by  whose  alter- 
nate ex]mnsion  and  contraction  heat  is  made 
to  produce  mechanical  energy;  O  V^  and 
OVb  being  the  least  and  greatest  volumes 
which  the  substance  is  made  to  assume,  and 
O  V  any  intermediate  volume.  For  brevity's 
sake,  these  quantities  will  be  denoted  by  v^, 
v^  and  r,  respectively.  Then  «?»  -  v^  may  re- 
present the  space  traversed  by  the  piston  of 
an  engine  during  a  single  stroke. 

Let  ordinates,  measured  {>arallel  to  the 
axis  O  Y,  and  at  right  angles  to  O  X,  denote  the  expansive  pressures 
successively  exerted  by  the  substance  at  the  volumes  denoted  by 
the  abscissae.  During  the  increase  of  volume  from  v^  to  i\,  the 
pressure,  in  order  that  motive  power  may  be  produced,  must  be,  on 
the  whole,  greater  than  during  the  diminution  of  volume  from  v^  to 
r. ;  so  that,  for  instance,  the  ordinates  V  P^  and  V  Pg,  or  the 
symbols  pj  and  /?»»  ^*y  rt^present  the  pressures  corresponding  to  a 
given  volume  v,  during  the  expansion  and  contraction  of  the  sub- 
stance respectively. 

Then,  as  in  Article  43,  and  fig.  17,  the  area  of  the  curvilinear 
fignre,  or  indiealar-dictgram,  A  P^B  Po  A,  will  represent  the  energy 
exerted  by  the  elastic  substance  on  the  jnston  during  a  coniijlete 
stroke,  or  cycle  of  changes  of  volume  of  the  elastic  substance.  The 
algebraical  expression  for  that  area  is 


and  this,  in  virtue  of  the  first  law  of  thermodynamics,  represents 
also,  in  units  of  work,  the  mecJuinical  equivalent  of  tiie  heat  which 
disappears  during  a  complete  forward  and  back  stroke  of  the 
piston;  that  is  to  say,  if  h^  represents  the  (quantity  of  heat,  in 
common  thermal  units,  received  by  the  elastic  substance  during  one 
part  of  the  process  (such,  for  exam]>le,  as  the  heat  coninninicatetl 
to  a  certain  weight  of  water  in  a  boiler  in  order  to  produce  stetim), 
and  /ij  the  quantity  of  heat  reeded  by  the  same  substance  during 
another  part  of  the  process  (such,  for  example,  as  the  heat  abstmcted 
from  the  same  quantity  of  water  in  the  condenser  of  a  condensing 
engine,  or  by  the  air,  in  a  non-oondensing  engine) ;  and  if  H^  and 
Hf  are  the  same  quantities  of  heat  expressed  in  foot-pounds,  then, 
by  the  first  law^ 
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J  {h,-h^  =  K,-H^=f(p,-p^df> (1.) 

239.  Tbennai  MAn^m, — A  line  dmwn  on  a  diagram  of  energy, 
such  that  its  orcli nates  represent  the  pressures  of  a  substance  cor- 
responding  to  various  volumes,  while  the  absolute  temperature  is 
maintained  at  a  constant  value,  denoted,  for  example,  by  r,  may  be 
called  the  isothermal  line  of  r  for  the  given  substance  (see  fig.  92)l 
Suppose,  for  instance,  that  the  co-ordinates  of  the  point  A,  v^  and 
/?„  i-epresent  respectively  a  volume  and  a  pressure  of  a  given  sub- 
stance, at  which  the  absolute  temperature  is  r ;  aod  bhe  co-ordinates 
of  the  point  B,  viz.,  v^  and  /?»,  another  volume  and  pressure  at  which 
the  absolute  temperature  is  the  same  ;  then  are  the  points  A  and  B 
situated  on  the  same  isothermal  line  T  T. 

On  the  other  hand,  let  the  sub- 
stance be  allowed  to  expand  from 
the  volume  and  pressure  v„,  />«,  with- 
out receiving  or  emitting  heat ;  and 
when  it  reaches  a  certain  volume, 
v^  let  the  pressure  be  represented 
by  p„  which  is  less  than  the  pres- 
sure would  have  been  had  the  tem- 
perature been  maintained  constant, 
because,  by  expansion,  heat  is  made 
to  disappear.  Then  C  will  be  a 
point  on  a  cei-tain  curve  N  N  pass- 
^^'  ing  through  A,  which  may  be  called 

a  curve  of  no  transmissiony  or  adtab<Uic  curve. 

It  is  to  be  understood  that,  during  the  process  last  described, 
the  mechanical  energy  exerted  during  the  expansion,  and  which  is 
represented  by  the  area  A  C  V^  Va>  is  entirely  communicated  to  an 
external  body,  such  as  a  piston ;  for  if  any  part  of  it  were  expended 
in  agitating  the  particles  of  the  expanding  substance,  a  portion  of 
heat  would  be  reproduced  by  friction. 

If  o  o  0  be  a  cui-ve  whose  ordinates  represent  the  pressures  corre- 
sponding to  various  volumes  when  the  substance  is  absolutely 
destitute  of  heat,  then  this  curve,  which  may  be  called  the  line 
of  absolute  cold,  is  at  once  an  isothermal  curve  and  an  adiabatic 
curve. 

So  far  as  we  vet  know,  the  line  of  absolute  cold,  for  all  sub- 
stances for  which  it  has  been  ascertained,  is  an  asymptote  to  all 
the  other  isothermal  curves  and  curves  of  no  transmission,  which 
approach  it  and  each  other  indefinitely  as  the  volume  of  the 
substance  increases  without  limit;  and  it  coincides  sensibly  with 
the  straight  line  O  X ;  that  is  to  say,  a  substance  wholly  destitute 
of  heat  exeiis  no  expansive  pressure. 


THEOREM   AS  TO  ADIABATIC  CURVES. 
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The  following  property  of  adiabatic  curves,  in  connection  with 
the  first  law  of  thermodynamics,  is  the  foundation  of  many  useful 
propositions.  (It  was  first  demonstrated  in  the  Philosophical 
TrawMcliona  for  1854.) 

Theorem.  The  mecltanical  equivcUerU  of  the  heat  absorbed  or 
given  out  by  a  mbetaTice  in  passing  from  one  given  state  as  to  pres- 
sure and  volume  to  anotJier  given  stcUe,  through  a  series  of  stages 
represented  by  the  co-ordinates  of  a  given  curve  on  a  diagram  of 
energy,  is  represented  by  the  area  indufled  betvxen  t/ie  gix^en  cwrve 
and  two  curves  of  no  transmission  of  heat  drawn  from,  its  extremities, 
and  indefinitely  prolonged  iyi  the  direction  representing  increase  of 
volume. 

(Demonstration)  (see  fig.  93).  Let  the  co-ordinates  of  any  two 
points,  A  and  B,  represent  respectively  the  volumes  and  pressures 
of  the  substance  in  any 
two  conditions;  and  let 
a  curve  of  any  figure, 
A  C  B,  represent  by  the 
oo-ordinates  of  its  points, 
an  arbitrary  succession 
of  volumes  and  pressui'es 
through  which  the  sub- 
stance is  made  to  pass, 
in  changing fi-oni  the  con- 
dition A  to  the  condition 
B.     From  the  points  A 


Fig.  93. 


arid  B  respectively,  let  two  adiabatic 
ourves  AM,  B N,  extend  indefinitely  towards  X ;  then  the  area 
refeiTcd  to  in  the  enunciation  is  that  contained  between  the  given 
arbitrary  curve  A  C  B  and  the  two  indefinitely  prolonged  adiabatic 
curves ;  areas  above  the  curve  AM  being  considered  as  represent- 
ing heat  absorbed  by  the  substance,  and  those  below,  heat  given 
ontk 

To  fix  the  ideas,  let  us  in  the  fii'st  place  suppose  the  area 
M  A  C  B  N  to  be  situated  alwve  A  M.  After  the  substance  has 
reached  the  state  B,  let  it  be  expanded  accoi*ding  to  the  adiabatic 
curve  B  N,  until  its  volume  and  pressure  are  represented  by  the 
co-ordinates  of  the  point  D'.  Next,  let  the  volume  Vj,  be  maintained 
constant,  while  heat  is  abstracted  until  the  pressure  falls  so  as  to  be 
represented  by  the  ordinate  of  the  point  D,  sittiated  on  the  curve  of 
no  transmission  A  M.  Finally,  let  the  substance  be  compressed, 
according  to  this  curve  of  no  transmission,  until  it  recovers  its 
primitive  condition  A.  Then  the  area  A  C  B  D'  D  A,  which  re- 
presents the  whole  energy  exerted  by  the  substance  on  a  piston 
daring  one  cycle  of  operations,  represents  also  the  heat  which  dis- 
appears; that  is,  the  difference  between  the  heat  absorbed  by  the 
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substance  during  the  chnuge  fi'ora  A  to  B,  and  the  heat  einitte<l 
during  the  change  from  D'  to  D ;  for  if  this  were  not  so,  the  cycle 
of  oi)eiution8  would  alter  the  amount  of  energy  in  the  universe, 
which  is  impossible. 

The  further  the  oixiinate  V^  D  D'  is  removed  in  the  direction  of 
X,  the  smaller  does  the  heat  emitted  during  the  change  from  D'  to 
D  become;  and  consequently,  the  more  nearly  does  the  area 
A  C  B  D  D  A  approximate  to  the  equivalent  of  the  heat  absorbed 
during  the  change  from  A  to  B;  to  which,  therefore,  the  area  of 
the  indefinitely  prolonged  diagram  M  A  C  B  N  is  exactly  equal. 
— Q.ED. 

It  is  easy  to  see  how  a  similar  demonstration  could  have  been 
applied,  mutcUis  invJtandia,  had  the  area  lain  below  the  cui've  A  M. 
It  is  evident  also,  that  when  this  area  lies,  part  above  and  part 
"below  the  line  A  M,  the  difference  between  those  two  parts  repre- 
sents the  diffei*ence  between  the  heat  absorbed  and  the  heat  emitted 
^luring  different  parts  of  the  o|)eration. 

OoROLLART. — The  difference  heticeen  the  wliole  Jieat  abeorbed,  and 
the  whole  expansive  energy  exerted,  during  tfie  operation  representetl 


by  any  cizrvey  sucft  as  A  C  B,  <w  a  diagrain  of  energy ,  depends  on 
the  initial  and  fin<d  conditions  of  tine  substance  alone,  and  not  on  the 
intermediate  process, 

(Demonstration.)  In  fig.  93,  draw  the  ordinates  AV^,  BV^, 
jMU-allcl  to  O  Y.  Then  the  area  V^^  A  C  B  Vg  represents  the 
energy  exerted  in  a  piston  during  the  operation  A  C  B ;  and  it  is 
evident  that  the  difference  between  this  area  and  the  indefinitely 
firolonged  area  M  A  C  B  N,  which  rei)re8ents  the  heat  received  by 
the  substance,  dej)ends  simply  on  the  jiositions  of  the  jwints  A  and 
B,  which  denote  the  initial  and  final  conditions  of  the  substance  aii 
•CO  volume  and  pressure,  and  not  on  the  form  of  the  curve  A  C-  B, 
which  represents  the  intermediate  process. — Q.ED. 

To  express  tliis  result  symbolically,  it  is  to  be  considered,  that 
die  excess  of  the  heat  or  actual  energy  received  by  the  substance 
above  the  exi)ansive  power  or  |X)tential  energ>'  given  out  and 
exei-ted  on  an  external  body,  such  as  a  piston,  in  [>as8ing  from  the 
condition  A  to  the  condition  B,  is  equal  to  the  whole  energy  storeii 
up  in  the  substance  during  this  o|)ei'ation,  which  consists  of  two 
pai-ts,  viz. — 

Actual  energy ;  being  the  increase  of  the  actual  or  sensible  heat 
of  the  substance  in  )»issing  from  the  condition  A  to  the  condition 
B,  which  may  be  represented  by  this  expression. 

Potential  energy ;  htnug  the  flower  which  is  stored  up  in  producing 
changes  of  molecular  arrangement  during  this  piXK^ess;  and  which. 


TOTAL  ACTUAL   HEAT.  205 

it  appears  from  the  theorem  just  proved,  must  be  represented,  like 
the  actual  energy,  by  the  difference  between  a  fiwction  of  the 
volnme  and  pressure  corresponding  to  A,  and  the  analogous  func- 
tion of  the  volume  and  pressure  corresponding  to  B;  that  is  to  say, 
by  an  expression  of  the  form 

^S  =  Sb-Sa (1.) 

Let  H^,B  =  areaMACBN 

represent  the  heat  received  by  the  substance  during  the  operation 
A  C  B,  and 

f''*prfv  =  areaV^ACBVB 

the  |K>wer  or  potential  energy  exerted  on  a  piston. 

Then  the  theorem  of  this  Article  is  expressed  as  follows ; — 

H,  B  -  /"'*  ;>  c?  t;  =  Qb  -  Q^  +  Sb  -  S^  =  A  Q  +  A  S. .  ...(2.) 

being  a  form  of  the  general  equation  of  the  expansive  action  of 
heaty  in  which  the  poterUicU  of  molecular  action,  S,  remains  to  be 
determined. 

240.  T«ial  Actual  Hcai. — Let  a  substance,  by  the  expenditure 
of  energy  in  friction,  be  brought  from  a  condition  of  total  privation 
of  heat  to  any  particular  condition  as  to  heat.  Then,  if  from  the 
total  energy  so  expended,  there  is  subtracted — iirst,  the  mechanical 
work  performed  by  the  action  of  the  substance  on  external  bodies, 
through  changes  of  its  volume  and  figure,  dining  such  heating; 
secondly,  the  mechanical  work  due  to  mutual  actions  between  the 
particles  of  the  substance  itself  during  such  heating;  the  remainder 
will  represent  the  energy  which  is  employed  in  making  Hie  svhsta'iice 
hot,  and  which  might  be  made  to  reappear  as  ordinary  mechanical 
energy,  if  it  were  possible  to  reduce  the  substance  to  a  state  of 
total  privation  of  heat.  This  remainder  is  the  quantity  called  the 
total  actual  heat  of  the  substance;  being  the  total  energy,  or 
cajjacity  for  performing  work,  which  the  substance  possesses  in 
virtue  of  being  hot.  It  is  not  directly  measurable;  but  its  value 
may  be  computed  from  known  quantities,  by  means  to  be  after- 
wards explained.  When  a  homogeneous  substance  is  nni^brmly 
hot,  every  particle  of  it  is  equally  hot;  and  evei-y  jmrticle  is  hot  in 
virtue  of  a  condition  of  its  own,  and  independently  of  forces  exerted 
between  it  and  other  particles.  These  are  facts  known  by  experi- 
ence; and  they  lead  to  the  following  consequence:— that  when  the 
total  actual  heat  of  a  homogeneous  and  uniformly  hot  substance  is 
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considered  as  a  quantity  made  up  of  any  number  of  equal  parts,  all 
those  equal  parts  are  similarly  circumstanced;  and  hence  follows — 
241.  Th«  8«»€«h4  I««w  •€  ThtmmmdjmmmUm.— If  the  toUU  actual 
hecU  of  a  homogeneous  avid  uniformly  hot  substance  he  conceived  to  be 
divided  into  any  number  of  equal  parts,  the  effects  of  those  parts  in 
causing  work  to  he  performed  a/re  equal, — This  law  may  be  coii- 
sidered  as  a  particular  case  of  a  general  law  applicable  to  every 
kind  of  actual  energy;  that  is,  capacity  for  performing  work,  cou- 
stituted  by  a  certain  condition  of  each  (mrticle  of  a  substance,  Low 
small  soever,  independently  of  the  presence  of  other  particles  (such 
as  the  energy  of  motion).  The  symbolical  expression  of  the  second 
law  of  thermodynamics  is  as  follows : — Let  unity  of  weight  ot  a 
homogeneous  substance,  possessing  the  actual  heat  Q,  undergo  an\* 
indefinitely  small  change,  so  as  to  perform  the  indefinitely  small 
amount  of  work  d  U.  It  is  required  to  find  how  much  of  this 
work  is  performed  by  the  disappearance  of  heat  Conceive  Q  to  be 
divided  into  an  indefinite  number  of  indefinitely  small  equal  parts 
each  of  which  is  S  Q.  Each  of  those  parts  will  cause  to  be  per- 
formed the  quantity  of  work  represented  by 

consequently  the  quantity  of  work  performed  by  the  disappearance 
of  heat  will  be 

Q/q''^' (••) 

which  quantity  is  kiiown  when  Q,  and  the  law  of  variation  o(  d\J 
with  Q,  are  known. 

242.   Absolnfc    TeMperamre — Apeclflc    Hmt*    Bcnl  «ii«l  A|»p«reat. 

— Temperature  Ls  a  function  de{)ending  on  the  tendency  of  bodies  to 
communicate  the  condition  of  heat  to  each  other.  Two  bodies  are 
at  eq^ial  temperatures^  when  the  tendencies  of  each  to  make  the 
other  hotter  are  equal.  All  substances  absolutely  devoid  of  heat 
are  at  the  same  temperature.  Let  this  be  called  the  absolute  z^ro 
oflteat;  and  let  the  scale  of  temperature  be  so  graduated,  that  for 
a  given  homogeneous  substance,  each  degree  shall  correspond  to  an 
equal  increment  of  actual  heat.*    This  mode  of  graduation  neces- 

*  The  mode  of  graduation  nliovp  described  leads  to  a  dtfttamicnl  icate  of  ahaolnte 
t<>nipernture«.  In  Article  20t,  n  iwatle  of  Nbsohitc  temperatures  is  described,  f  .nnded 
upon  the  elasticity  of  n  perfect  pa^.  It  was  anticipated  some  years  ago,  hr  certain 
theoretical  and  hypothetical  investiKstions,  that  the  walo  of  the  prfect  gas  tliermo- 
meter  wotiM  be  fonnd  to  agree  with  the  dynamical  al>«olnte  thennometric  scale,  as  to 
the  length  of  its  degrees;  and  also  that  tlte  zeros  of  those  scales  would  b"  found  to  be 
near  each  other,  if  not  coincident.  Thronghont  many  of  the  papers  referred  t«,  the 
fnrmtilsB  were  so  framed  as  to  contain  nnknown  terjis,  suited  to  provide  for  the  poasi- 
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saiily  leads  to  the  same  scale  of  teDiperature  for  all  substances. 
For  if  two  substances  A  and  B  be  at  equal  temperatures  when  they 
}x>88es8  respectively  two  certain  quantities  of  actual  heat  Q^  and  Q^, 
then  if  each  of  those  quantities  of  actual  heat  be  divided  into  the 
sanae  number  of  equal  parts  n,  the  tendency  of  the  substance  A  to 
communicate  heat  to  B,  arising  from  any  one  of  the  nth  parts  of 
Q4,  must,  from  the  property  of  actual  heat  already  mentioned,  h% 
equal  to  the  tendency  of  B  to  communicate  heat  to  A,  arising  from 
auy  one  of  the  ?ith  jmrts  of  Q„;  from  which  it  follows,  that  so  long 
as  the  quantities  of  actual  heat  possessed  by  the  two  substances  ai*e 
in  the  ratio  Q^  :  Qb,  their  temperatures  are  equal,  indei)endently 
of  the  absoltUe  amounts  of  those  quantities.  The  amount  of  actual 
heat,  expi-essed  in  units  of  work,  which  coiTesponds,  in  a  given 
substance,  to  one  degree  ofabsohUe  temperature,  is  the  real  dynamical 
specific  Jieat  of  that  substance,  and  is  a  constant  quantity  for  all 
temperatures.  The  total  quantity  of  mechanical  energy  required  to 
raise  the  temperature  of  unity  of  weight  of  a  substance  by  one 
degree,  generally  includes,  brides  the  i*eal  sfjecific  heat,  work 
)>erformed  in  overcoming  molecular  forces  and  external  pressures. 
This  is  the  apparent  dynamical  specific  heat;  and  may  be  constant 
or  variabla  Joule's  equivalent  is  the  apparent  dynamical  si)ecific 
heat  of  liquid  water  at  and  neai*  its  maximum  density;  and  it  is 
probably  equal  sensibly  to  the  real  specific  heat  of  that  substance. 
The  real  specific  heat  of  each  substance  is  constant  at  all  densities, 
80  long  as  the  substance  retains  the  same  condition,  solid,  liquid,  or 
gaseous ;  but  a  change  of  real  specific  heat,  sometimes  considerable, 
often  acoomjianies  the  change  between  any  two  of  those  conditions. 
From  the  mutual  propoi-tionality  of  actual  heat  and  absolute  tem- 
perature, thei-e  follows — 

243.    The  Second  Eaw  •€  TbcmiodriianilcM,  expressed  With   re/cT' 

ence  to  absolute  temperature.  If  iJie  absolute  temperature  of  any 
uni/ormly  hot  substa/nce  he  divided  into  amy  number  of  equal  pa/rts, 
the  effects  qftliose  parts  in  causing  toork  to  be  performed  are  equal. 
This  law  is  expressed  algebraically  as  follows : — from  the  relation 
between  absolute  temperature  (t),  and  actual  heat  (Q),  it  follows 
tlut 

^  dr^^dQ' 

consequently  the  expression  1,  for  the  work  performed  by  the  dis- 
appearance of  heat,  is  transformed  into 

biUtv  of  a  lenMble  difference  between  thoee  zeros.  Bnt  as,  according  to  the  latest 
•ml 'best  experiments,  no  such  appreciable  diflerenoe  has  been  found,  the  zero  and 
«&<)e  of  the  perfect  pas  thermometer  may  be  treated  as  sensibly,  if  not  exactly,  ooin- 
dilent  with  the  dvoamical  absolute  aero  and  absolute  tbermouietric  scale. 
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a  r 


.(1.) 


This  expression  is  applicable,  not  merely  to  homogeneous  sub- 
stances, but  to  heterogeneous  aggregates. 

When  the  expressions  1  of  Articles  241  and  243  are  negative, 
they  represent  heat  which  appears  in  consequence  of  the  ex- 
penditure of  mechanical  work  in  altering  the  condition  of  a 
substance. 

The  first  and  second  laws  virtually  comprise  the  whole  theory  of 
thermodynamics. 

244.  88e>»J  Wmw,  Be|»VMMiledl  OwiyfctcuMy, — ^ThBOREM.  In  fig, 
94,  l€t  A,  A9  M,  Bj  Bj  N,  ^  cmy  tux>  {KJUabaUe  cwrves,  ind^nUely 
extended  %n  tlte  dirmsHon  of  X,  vnlsntict^d  in  the  points  A  j,  B^,  k^  B^, 
by  two  isothermal  curves,  Q^  A^  B^  Qi*  Q2  Aj  Bo  Q^,  wkich  corre- 
spond to  two  absolute  temperatures,  r^  cmd  tj,  differing  by  the  quarOUy 

Then  the  quadrilateral  area.  A,  R  B^  A^  bears  to  the  whole 
ind^nitdy  prolonged  area  M  A^  B^  N,  me  same  proportion  which 
the  difference  of  temperature  a  r  bears  to  the  whole  absoltUe  temperor 
ture  r;  or 


ai*ea  A^  B|  Bj  A^ 
area  M  A^  B^  N 


At 

T 


.(1.) 


.  alio 


(Demonstration.)     Draw  the  ordinates  Aj  V^,, 
B2  Vpt*     Suppose,  in  the  first  place,  that  ^  r  is  an  aliquot  |Mu-t  of 

r,  obtained  by  dividing  the 
latter  quantity  by  an  in- 
teger n,  which  we  are  at 
liberty  to  increase  without 
limit 

Tlie  entire  indefinitely 
prolonged  area  M  A^  Bj  N 
represents  a  quantity  of 
heat  which  is  converted 
^  into  mechanical  energy 
during  the    expansion   of 


1^ 


Fig.  94. 


the  substance  from  V.,  to 


Vbi,  in  consequence  of  the  continued  presence  of  the  absolute  tem- 
perature T^.  Mutalis  mutandis,  a  similar  statement  may  be  made 
respecting  the  area  M  A^Bg  N.  (By  increasing  without  limit  the 
number  n,  and  diminishing  a  t,  we  may  make  the  expansion  from 
\^  to  Vb,  as  nearly  as  we  please  an  identical  phenomenon  with 
the  expansion  from  V^i  to  V^i.)  The  quadrilateral  A,  B,  *" 
represents  the  diminution  ox  conversion    of  heat  to 


1  "\  Bj  A| 

meehanicaJ 
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energy,  wliich  results  from  the  abstraction  of  any  one  whatsoever 
of  the  n  equal  parts  ^  r  into  which  the  absolute  temperature  is 
supposed  to  be  divided,  and  it  therefore  represents  the  effect, 
in  conversion  of  heat  to  mechanical  energy,  of  the  presence  of 
any  one  of  those  parts.  And  as  all  those  parts  ^  t  are  similar 
and  similarly  circumstanced^  the  effect  of  the  presence  of  the 
whole  absolute  temperature  tj  in  causing  conversion  of  heat  to 
mechanical  energy,  will  be  simply  the  sum  of  the  effects  of  alt 
its  parts,  and  will  bear  the  same  ratio  to  the  effect  of  one  of  those- 
parta  which  the  whole  absolute  temperature  bears  to  the  partw. 
Thus,  by  virtue  of  the  general  law  enunciated  below,  the  theorem 
is  pTX>v€d  when  a  r  is  an  aliquot  part  of  t^  ;  but  ^  r  is  either  an 
aliquot  part,  or  a  sum  of  aliquot  parts,  or  miy  be  indefinitely 
approximated  to  by  a  series  of  aliquot  parts;  so  that  the  theorem 
is  nniveraally  trua — Q.  K  D. 

A  symbolical  ex])re8sion  of  this  theorem  is  as  fellows: — When 
the  absolute  temperature  tj,  at  any  given  volume,  is  varied  by  the 
indefinitely  small  quantity  I  t,  let  the  pressure  vary  by  the  indefi- 
nitely small  quantity  —-  8  t;  then  the  area  of  the  quadrilateral 
Aj  B|  Bj  A^  will  be  represented  by 

r^'i  dp 


f^*dp  J 
J  v^dr 


and  consequently,  that  of  the  whole  figure  M  A^  Bj  N,  or  the 

LATENT  HEAT  OF  EXPANSION  from  V^  j  to  V^  „  at  t^  by 


J/.,  =  H,  =  rJ|;*^^.; (2.r 


» 


a  result  substantially  identical  with  that  expressed  in  equation  1  of ' 
Article  243,  when  p  dv  is  put  for  d  XJ. 

The  demonstration  of  this  theorem  is  an  example  of  a  si)eciaJ. 
application  of  the  following 

General  Law  op  the  Transformation  of  Enerov. 

The  effect  of  the  preaence  in  a  stibstance,  of  a  quantity  of  actual 
emrgy.  in  causing  transformation  of  energy^  is  the  sum  of  t/ie  effects 
of  all  its  parts; 

a  law  first  enunciated  in  a  ])aper  read  to  the  Philosophical  Society 
of  Glasgow  on  the  5th  of  January,  1853. 

245.    Of  HmM    P«CCBilaU   «■«    Tbermodrnamic    P»iicti«ii«. — The 

second  law  of  thermodynamics  may  also  \ye  expressed  in  the  follow- 
ing form : — The  work  performed  by  tlie  disappearayice  of  fi^eat  during 
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way  indeflnUdf/  smaU  variaiior^  in  the  state  of  a  substance^  is  t 
by  the  prodkuA  of  the  absolute  temperature  into  the  variation  of  a  oer- 
tain  function,  which  function  is  t/te  rale  of  variation  of  the  effedtixs 
work  performed  with  temperature;  that  is  to  say,  make 

dV       p.. 

ITr  =  ^' 

then  the  work  performed  by  the  disappeaiunce  of  heat  is 

rclF (1.) 

This  functioQ  F  has  been  called  the  heat  potential  of  the  given 
substance  for  the  kind  of  work  under  consideration. 

Now  let  the  substance  both  perform  work  and  undergo  a  varia- 
tion of  absolute  temperature  d  r,  and  let  k  denote  its  real  dynamical 
8]>ecific  heat.  The  whole  heat  which  it  must  receive  from  au 
external  source  of  heat,  to  produce  those  two  effects  simultaneously, 
is 

3dh^dn  =  \idr  +  rd¥  =  rd  0; (2.) 

In  which 

*  =  k  •  hyplog  r  + 1^ (3.) 

9  is  called  the  t^ierifwdynainic  Junction  of  the  substance  for  the 
kind  of  work  in  question;  and  in  some  i)a(>er8,  the  heat-Jactor. 
The  equation  (2)  is  the  general  equation  of  thermodynamics, 
which  we  shall  proceed,  in  the  sequel,  to  apply,  by  determining  the 
thermodynamic  function  for  each  particular  case. 

In  determining  that  function,  it  is  to  be  observed,  that  the  func- 
tion U,  repixiseuting  the  work  performed  by  the  kind  of  change 
"under  contemplation,  is  first  to  be  investigated  as  if  the  temperature 
were  constant,  and  then  the  law  of  its  variation  with  absolute  tem- 
|>erature  found. 

The  pro|)erty  of  an  adiabcUic  curve  is  expi^essed  by  c^  *  H  =0; 
from  which  it  is  evident,  that  for  such  a  curve,  rf  ^  =r  0 ;  that  is  to 
say,  for  a  given  adiabatic  curoe,  tlie  tJiermodynamic  function  has  a 
constaTU  value,  jrroper  to  that  curve. 

In  fig.  94,  Article  244,  the  indefinitely  extended  area  between 
the  isothermal  curve  Qj,  Qj,  and  the  two  adiabatic  curves  Aj  M, 
Bi  N,  is  the  product  of  the  absolute  temperature  proper  to  the 
isotheiiiial  curve  into  the  difference  between  the  thermodynamic 
tunctions  proper  to  the  adiabatic  curves. 

Section  2. — Expansive  Action  of  Heat  in  Fluids. 
246.  f^rncnii    i^w«  •■  Applied   lo   Fiiiid«.  —  lu   representing 
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graphically  the  general  laws  i^f  thermodynamics,  the  illustrationa 
already  employed  in  Ai'ticles  238,  239.  and  244,  have  been  taken 
from  the  changes  of  pressure  and  volume  of  fluids  as  affected  by 
heat.  It  is  to  be  borne  in  mind,  however,  that  the  general  laws 
are  applicable  to  the  relations  which  heat  bears  to  the  energy  of  all 
kinds  of  elastic  forces,  as  well  as  to  the  simple  expansive  pressure 
exerted  by  fluids.  In  the  expression  for  work  performed  against 
sonie  external  resistance, 

d  \J  z=z  p  d  Vy 

d  V,  instead  of  an  elementary  increase  of  the  volume  of  a  substance, 
s«-»lid  or  fluid,  may  i-epresent  an  elementaiy  part  of  the  motion 
which  takes  place  amongst  its  particles,  as  it  i*eturus  to  its  original 
figure  after  having  been  distorted,  and  p,  the  force  with  which  it 
trends  to  recover  its  original  figure ;  in  which  case,  v  may  still  be 
repi-eaented  by  the  abscissa,  and  p  by  the  ordinate  of  a  diagram  of 
<Miei-jr>%  and  p  d  v  hy  &n  elementary  portion  of  the  area  of  that 
diEigraiiL 

Inasmuch,  however,  as  all  known  heat  engines  perform  work  by 
means  of  the  changes  of  pressure  and  volume  of  fluids  alone,  it  is 
unnecessary  in  this  treatise  to  do  more  than  to  i-efer  in  general 
terms  to  the  special  application  of  the  laws  of  thermodynamics  to 
the  elasticity  of  solids. 

In  the  present  section  will  be  considered  the  more  important  of 
their  special  applications  to  the  elasticity  of  fluids. 

I^t  V  denote  the  volume  in  cubic  feet  occupied  by  a  given  mass 
of  any  fluid,  whether  liquid  or  gaseous,  enclosed  in  a  vessel  of 
vaiiable  capacity  (such  as  a  cylinder  with  a  ])iston);  p  tbe  pressure, 
or  effort  to  expand,  which  the  fluid  exerts  against  the  interior  of 
the  vessel,  in  pounds  per  square  foot ;  then,  as  in  Articles  6,  43,  tkc.,, 
will  pdv  denote  the  external  work  in  foot-poimds  performed  by 

the  fluid  during  an  indefinitely  small  expansion  d  v,  and  I  pdv  the 

external  work  performed  duiing  any  finite  exi)ansion,  the  relation 
between  p  and  v  being  fixed  by  the  circumstances  of  the  case.  To 
find  the  thermodynamic  function  for  the  expansion  of  a  fluid,  the 
pressure  />  is  to  be  expressed  in  the  form  of  a  function  of  the  volume 
V,  and  absolute  temperature  r,  and  the  general  value  of  the  integtui 


U  =  [pdv, 


*ouu(l  on  the  supposition  that  r  is  constant ;  then  the  theruiody* 
naiuic  function  will  be 

(P  ==  k  •  hyp  log  T  +  f  -^  <^  V (1.) 


312  STBAM  AMD  OTHER  HEAT   BNOIHB8b 

The  aeoond  term  of  this  expression  is  represented  graphicaUyy  as 
in  fig.  94,  by  the  limiting  ratio  of  the  area  of  the  band  A^  Bj  B^  <*.{ 
to  the  difference  between  the  absolute  temperatures  oorresponcung 
to  the  upper  and  lower  edges  of  that  band. 

Applying  the  thermodynamic  function  to  the  determination,  in 
foot-pounds,  of  the  whole  quantity  of  heat  d  H,  which  must  be 
communicated  to  one  pound  of  the  fluid  in  order  to  produce 
simultaneously  the  indefinitely  small  variation  of  temperature  d  «-, 
and  the  indefinitely  small  variation  of  volume  d  v,  we  find, 

aH  =  T(^-flCT+    ,    dv] 
Kdr  dv      / 

=(''+'/:f5-")'"+'r:'"^ m 

which  is  the  general  equation  of  the  expansive  action  of  heat  in  a 
fluid. 

If  this  expression  be  analyzed,  it  is  found  to  consist  of  the  fol- 
lowing parts: — 

I.  The  variation  of  the  actual  heat  of  unity  of  weight  of  the  fluid 
hdr. 

II.  The  heat  which  disappears  in  producing  work  by  mutual 
molecular  actions  depending  on  change  of  temperature  and  not  ou 
cliange  of  volume, 


J  xdl^ 


dv  dr. 


The  lower  limit  of  this  integral  is  made  to  correspond  to  the 
state  of  indefinite  rarefaction;   that  is,  of  perfect  gas,  in  which 

those  actions  axe  null.     Let  D  =r  >  be  the  density,  or  weight  of 

unity  of  volume  of  the  fluid ;  then  we  have,  as  a  more  convenient 
form  of  the  integral, 

d^p 

^?dv=.-f^d^'d^ (3.) 

D2 


J  „   dr^  J  0     D2 


III.  The  latent  heat  of  expansion, — that  Is,  heat  which  dis- 
appeai-s  in  perfonning  work,  partly  by  the  forcible  enlargement  of 
the  vessel  containing  the  fluid,  partly  by  mutual  molecular  actions 

depending  on  expansion,  t  y^  d  v. 

The  heat,  expi^essed  in  units  of  work,  which  must  be  communi- 
cated to  unity  of  weight  of  a  fluid  to  produce  any  given   finite 
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changes  of  tempemture  and  volume,  is  focmd  by  integmtiiig  the 
expressioii  2.  Now  that  expression  is  not  the  exact  differential  of 
any  function  of  the  temperature  and  volume;  consequently  its 
int^;ral  does  not  depend  solely  on  the  initial  and  iinal  condition  of 
the  fluid  as  to  temperature  and  volume,  but  also  upon  the  mode  of 
intermediate  variation  of  those  quantities.  The  graphic  represen- 
tation of  that  integral  is  the  indefinitely  prolonged  area  M  A  C  B  N 
in  fig.  93. 

247.  ■iiiwii  Bmvit  er  a  Fluid. — Another  mode  of  analyzing 
the  expression  2  of  Article  246  is  as  follows  : — 

I.  The  variation  of  actual  heat,  as  before,  hdr. 

II.  The  external  work  performed,  pdv,  represented  by  an  ele- 
mentary vertical  band  of  the  area  V^  A  C  B  Vp,  fig.  93. 

III.  The  ifUemal  voork  performed  in  ovei-coming  molecular  forces, 
viz.: — 

Now  this  last  quantity  is  the  exact  differential  of  a  function  of  the 
temperature  and  volume,  viz. : — 


-/:('^^')-"-« <'■> 


A  given  value  of  S  expresses  the  work  required  to  overcome  mole- 
cular forces,  in  exymnding  unity  of  weight  of  a  fluid  from  a  given 
state,  to  that  of  perfect  gas;  and  the  excess  of  the  actual  heat  of 
the  fluid  above  this  quantity,  or 

kr-S, (1  A.) 

is  the  intrinsic  energy  of  the  fluid,  or  the  energy  which  it  is  capable 
of  exerting  against  a  piston,  in  changing  from  a  given  state  as  to 
temperature  and  volume,  to  a  state  of  total  piivation  of  heat  and 
indefinite  expansion.  In  fig.  93,  the  values  of  the  intrinsic  enei-gy 
of  the  fluid  in  the  conditions  A  and  B  are  represented  respectively 
by  the  indefinitely  prolonged  areas  X  Va  A  M,  X  Vb  B  N.  The 
quantity  above  denoted  by  S  is  the  same  with  that  denoted  by  the 
same  symbol  in  Article  239.  Let  the  suffixes  a,  6,  denote  the 
states  of  the  fluid  at  the  beginning  and  end  of  any  given  series  of 
changes  of  temperature  and  volume,  and  H^  j,  the  supply  of  heat 
from  an  external  source  necessary  to  produce  those  chiuiges,  ex- 
pressed in  foot-pounds;  then 

H,,-  r'*;>rft;  =  (hr-S),-(fcT_S).; (2.) 

that  is  to  say,  ike  excess  of  ike  heat  absorbed  above  the  external  work 


su 
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pet* formed  is  equal  to  t/ie  increase  of  the  irUrinsic  energy;  so  that  this 
esocese  depends  on  the  initial  and  final  states  only,  as  already  shown 
in  Article  239. 

248.    Bxpresslon  of  the  ThermodsTttamlc  Fnnetlon  In  Teraiw  oftlio 
Tempera  !nr«  and  Preaenre. — The  volume  of  unity  of  weight  of  a 

duid  V,  its  expansive  pi*essure  p,  and  its  absolute  temperatui*e  r, 
form  a  system  of  thi-ee  quantities,  of  which,  when  any  two  are 
given,  the  third  is  determined.  In  the  preceding  Articles,  th«* 
volume  and  temperatui-e  are  taken  as  independent  variables,  and 
the  pressure  is  expressed  as  a  function  of  them.  In  some  investi- 
gations it  is  convenient  to  take  the  pressure  and  temperature  as  in- 
de{>endeiit  variables,  the  volume  being  expressed  as  their  function. 
The  followiog  expression  of  the  thermodynamic  function  in  terms 
of  this  pair  of  independent  variables  iH  taken  from  an  unpublished 
paper,  which  has  been  in  the  hands  of  the  Royal  Society  of  Edin- 
burgh since  1855  (see  their  Proceedings  for  1855,  p.  287).  I-«et  t^^  as 
before,  be  the  absolute  temperature  of  melting  ice ;  p^  i?0,  the  pro- 
duct of  the  pressui-e  and  volume  of  unity  of  weight  of  the  fluid,  in 
the  perfectly  gasemis  state,  at  that  temperatui'e  (of  which  quantity 
examples  ai*e  given  in  Table  II.,  at  the  end  of  the  volume);  then 

,=(h^^«^)hypiogr-/;J-;;.rf^ (1.) 

By  the  aid  of  the  above  equation,  and  of  the  following  well  known 
theorem : — 

/%rfi;=  y    vdp^p^v^-p^v^  (2.) 

all  the  equations  of  the  preceding  sections  are  easily  transformed. 
The  graphic  representation  of  the  quantity  denoted  by  the  second 

term  of  equation  1  is  of  the  fol- 
lowing kind  (see  fig.  95): — Let 
abscissse  measured  along  O  X 
represent  volumes  occupied  by 
one  pound  of  the  substance.  Let 
ordinates  ])arallel  to  O  Y  repre- 
sent pressures  exerted  by  it.  It 
is  required  to  find  the  second 
term  of  the  thermodynamic  fimo- 
tion  for  the  condition  of  the 
substance  corresponding  to  the 
point  A^  on  the  diagium,  whose  co-ordinates  axe  O  Y^  =  v,  and 
fTP  =  Yj  A^  =r  p ;  the  absolute  temperature  being  t.  Let  A,  Tj  be 
the  isothermal  curve  of  r.  Then  the  indefinitely  extendea  area 
X  O  P  Aj  Tj  is  what  is  i<epi^esented  by 


^2^7 


Fig.  9A. 
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f 


^,dp. 


Let  A^  Tj  be  the  isothermal  curve  corresponding  to  the  absolute 

temperature  t  —  iil  t,  and  cutting  Aj  P  ||  O  X  in  Aj.     Then  the 

symbol 

CP  dv  J 
dp 


J  0 


0  d  T 

represents  the  limit  towards  which  the  quotient 
areaTgAgA^T^ 

approximates,  when  A  t  is  indefinitely  diminished. 

By  using  the  form  of  the  thermodynamic  fimction  explained  in 
this  Article,  the  general  equation  of  the  expansive  action  of  heat  in 
a  fluid  is  made  to  take  the  following  form : — 


dv 
d^ 


-r—^dp; (3.) 


ft  form  which  is  convenient  in  cases  where  the  pressure  and  it» 
mode  of  variation  are  amongst  the  primary  data  of  the  problem. 
It  will  be  shown  in  a  subsequent  Article,  that  the  constant  part 


fe  + 


;>o^o 


Ti 


0 


of  the  co-^fiicient  of  d  t,  is  the  dynamical  specific  fieat  oftfie  fiuidj 
in  the  state  of  perfect  gas,  under  a  constant  pressure. 

249.    Prittclpal  Appllcalloua  of  the  Erfiws  of  lli«  Ex|MiniilT«  Action 

•f  Hcsi. — The  relation  between  the  temperature,  pressure,  and 
volume  of  one  pound  of  any  particular  substance  being  known  by 
experiment,  the  principles  of  the  preceding  Articles  serve  to  com- 
pute the  quantity  of  heat  which  will  be  absorbed  or  rejected  by  one 
pound  of  that  substance  under  given  circumstances;  and  conversely, 
in  some  cases  when  the  quantities  of  heat  absorbed  or  rejected 
imder  given  circumstances  are  known  by  experiment,  the  same 
principles  serve  to  determine  relations  between  the  temperature, 
pressure,  and  density  of  the  substance.  The  chief  subjects  to  which 
the  principles  of  the  expansive  action  of  heat  are  applicable,  are 
the  following: — Real  and  apparent  specific  heat;  the  heating  and 
oooling  of  gases  and  vapours  by  compression  and  expansion ;  the 
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velocity  of  sound  in  gases;  the  free  eximnsion  of  gasca;  the  flow  of 
gases  through  orifices  and  pipes;  the  latent  and  total  heat  of  eva- 
poration of  fluids,  the  latent  heat  of  fusion,  the  efficiency  of 
thermodynamic  enginea  The  last  of  those  subjects  is  that  to  which 
this  treatise  speciidly  relates;  but  in  order  to  make  it  intelligible, 
it  is  necessary  in  the  first  place  to  give  a  summary  of  the  principles 
of  the  subjects  enumerated  before  it 

2;')0.  Rtni  and  Apparent  ApcciHc  Heat.— These  terms  have  been 
explained  in  a  previous  Article.  The  symbolical  expression  for  the 
apparent  specific  heat  of  a  given  substance,  stated  in  units  of  work 
per  degree  of  temi>eratui'e  in  unity  of  weight,  is  as  follows : — 

dr  (It  dr 

In  which  the  term  k  is  the  real  specific  heat,  or  that  which  actually 
makes  the  substance  hotter,  being  a  constant  quantity ;  while  the 
other  term  represents  the  heat  which  disappeai-s  in  perfoi-ming 
work,  internal  and  external,  for  each  degree  of  rise  of  tempeiutui^ 

d  d  '  — 

The  co-efficients  -^ —  and  d  r  ,    represent    respectively    the 

d  T 
complete  rates  of  variation  with  temi)erature  of  the  thei-modyna- 
mic  function  and  lieat-potential,  under  the  circumstances  of  tlie 
[particular  case.  With  respect  to  liquids  and  solids,  it  is  impossible 
to  regulate  artificially  the  mode  of  variation  of  the  thermodynamic 
function  to  an  extent  apf>i-eciable  in  practice.  For  substances  in 
these  states,  the  apparent  specific  heat  increases  with  rise  of  tem- 
jiei-ature  at  a  rate  which  is  slow,  but  which  appears,  as  theory 
would  lead  us  to  expect,  to  be  connected  with  the  rate  of  cxpan- 
8i(»n.  For  gases,  the  mode  of  variation  of  the  thermodynamic 
function  with  temperature  may  be  i-egulated  artificially  in  an  arbi- 
traiy  manner,  so  as  to  vary  the  ap{)arent  specific  heat  in  an  inde- 
finite number  of  ways.  It  is  customary,  however,  to  restrict  the 
term  '^Specific  heat"  in  speaking  of  gases,  to  two  particular  cases; 
that  in  which  the  volume  is  maintained  constant  during  the  varia- 
tion of  temperature,  and  that  in  which  the  pressure  is  maintained 
constant,  as  formerly  explained  in  Article  210.  The  specific  heat 
at  (xytistant  volume,  is  expressed  as  follows,  in  units  of  work  per 
degree,  being  deduced  from  the  expression  for  the  thermodynamic 
function  in  Article  246,  equation  1 : — 

Jo.  =  K.  -  k  +  r  f   -^dv. (2.) 
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For  a  theoretically  perfect  gas, 

K.  =  fc (2  a.) 

The  speciBc  beat  under  constant  pressure,  deduced  fi-om  the  expres- 
sion for  the  thermodynamic  function  in  Article  248,  equation  1, 
\h  as  follows  : — 

j.,=K,.k+M.-,/;^'..^ (8., 

For  a  perfect  gas, 

K,  =  k  +  ^» (3a.) 

being  simply  the  real  specific  heat  increased  by  the  work  performed 
by  unity  of  weight  of  the  gas  in  undergoing,  at  any  constant  pres- 
sure, the  expansion  corresponding  to  one  degree  of  rise  of  tempei*a- 
ture ;  a  quantity  of  work  which  is  constant  for  a  given  perfect  gas 

under  all  cii-ciimstances.     The  quantities  -5— ^  and  -j-;^,  repi-esent- 

ing  the  deviation  of  the  laws  of  the  elasticity  of  actual  gases  fi-oui 
those  of  the  ideal  condition  of  perfect  gas,  are  so  small,  that  their 
effects  on  apparent  specific  heat,  though  calculable,  fall  within 
the  probable  limits  of  errors  of  observation  in  the  direct  experi- 
ments hitherto  made  on  the  specific  heat  of  the  more  common 
gases,  such  as  air  and  carbonic  acid.  Refeiring,  therefore,  to  the 
detailed  papers  already  cited  in  the  Trans,  of  tfie  Royal  iSociety  oj 
Edinburgh,  vol.  xx.,  for  computations  of  the  effects  of  such  devia- 
tions, it  will  be  suJfficient  for  practical  pm*poses  to  consider  the 
specific  heats  of  gases  as  represented  by  the  formulje  2  a  and  3  a. 
The  specific  heats  of  gases,  as  expressed  in  the  customary  way,  by 
their  ratios  to  that  of  water,  are  found  by  dividing  the  quantities 
in  these  formulae  by  Joule's  equivalent  (J),  and  may  be  thus  ex- 
pressed : — 

K  K 

c.  =  j';  c^  =  -j^ (4.) 

Examples  of  specific  heat,  stated  in  both  ways,  are  given  in  Table 
II.,  at  the  end  of  the  volume.  Before  the  period  of  M.  Regnault's 
experiments  on  a  great  variety  of  gases  and  vajwurs,  publishetl  in 
the  Comptes  Rendus  for  1853,  no  trustworthy  direct  exj)erimental 
determination  of  the  specific  heat  of  any  gas  or  vapour  existed,  ex- 
cept an  approximate  determination  by  Mr.  Joule,  made  in  1852,  of 
the  specific  heat  of  air  ;  for  the  results  formerly  relied  upon  have 
been  shown  to  be  erroneous.  In  one  of  the  jjapei-s  refen^d  to  in 
the  preceding  Article,  however  {Edinburgh  Transactions,  1850),  the 
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dynamical  specific  heats  of  air  had  been  computed  from  the  foUo^r- 
ing  data : — 

/lo  t?u,  from  M.  Regnault's  experiments  26214  foot-pounds,  r^  _ 
493^-2  Fahrenheit 

.*.  Kp  —  K,  ^^-^®  =  53-15  foot-pounds  per  degree  of  Fafaren- 

heit ;  being  the  energy  exerted  by  one  pound  of  air  in  undergoing, 
at  a  constant  pi-essure,  the  expansion  con*esponding  to  one  degree 
of  rise  of  temperature,  and  the  mechanical  equivalent  of  ihe  latent 
heat  of  expansion  of  the  air  under  those  circumstances,  which 
(as  stated  in  Article  212)  is  0069  of  a  British  thermal  unit,  & 
5315 
772"' 

y  =    _^,  as  deduced  from  the  velocity  of  sound  in  air,  assumed 

in  the  pa])er  referred  to  as  approximately  =  1  '4 ;  but  a  more  exact 
value  is  1*408.     Consequently, 

K,  z=^-^^"- =  TT^r^o  =  130*3  foot-pounds  per  degree 

of  Fahrenheit 

K   =  ^-^V      y       ^  53.^5  ^  1-408  ^  130.3  +  53.15  ^  133.45 
^         To      y  —  1  0*408 

foot-pounds  per  degree  of  Fahrenheit  Hence  is  deduced  the  fol- 
lowing ratio  of  the  specific  heat  of  air  under  constant  pressure  to 
that  of  water, 

K,        183-45  _ 

c-  according  to  M.  Kegnault's  experiments,  published  ) 

in  1853, J  ^^^11^ 

Difference, 0-0002 

•  In  I  he  calculation  published  in  1850,  y  was  assumed  =  1-4,  and  Cf  was  com- 
puted as  =  0-24 ;  but  the  calculation  just  given  being  founded  on  a  more  accurate 
▼alue  of  y.  is  of  course  to  be  preferred  as  a  test  of  the  dynamiral  theory  of  heat.  Mr. 
Joule^s  approximate  determination  in  1852  was  0-28.  According  to  the  drnamical 
theory  of  heat,  the  apparent  specific  heat  of  a  gas  under  consUnt  pre8Su>e  u  sensibhf 
the  acme  at  all  prtMures  and  temper aturtf^  if  the  gas  is  nearly  perfect  According 
to  the  hypothesis  of  mbstantioi  caloric,  that  specific  heat  dtminuhea  aa  the  pressure 
increases,  aoconling  to  a  law  which  is  stated  in  many  treatises  on  physics,  even  of  the 
most  reo'nt  dates  (in  wme,  indeed,  as  confidently  as  if  it  were  an  observed  fkct>  The 
experiments  of  M.  Renault,  by  which  the  specific  heat  of  air  under  constant  preassfB 
was  determined  at  various  temperatures  from— 22<'  Fahr.  up  to  487<'  Fahr.,  and  at 
various  pressures  of  from  one  to  ten  atmoapherea,  and  found  to  be  sensibly  the  same 
under  all  these  circumstances,  constitute  '*  experimenU  cruds  **  conclusive  againsi 


HEATING  AND  COOLINQ  BT  CHANGE  OF  VOLUME.  319 

251.    BlaitiBy  attd  €«oliB(K  of  Gases  and  Tapoars  hy  Cowprvssioa 

aadi  Ezraasiaa.— If  a  substance  wholly  or  partially  in  the  state  of 
gas  or  yaponr  be  enclosed  in  a  vessel  which  does  not  conduct  any 
appreciable  amount  of  heat  to  or  from  the  substance,  then  the  com- 
pression and  expansion  of  the  substance  through  variations  of  the 
volume  of  the  vessel  will  produce  respectively  heating  and  cooling, 
according  to  a  law  expressed  by  the  condition,  that  the  thermo- 
dynamic Jhmction  is  constant. 

The  following  equations  contain  two  modes  of  expressing  this 
condition,  deduced  from  the  expressions  in  Articles  246  and  248 
respectively : — 

/v  d  p 
—-  dv  =  constant, (1.) 

^  fe  +  Pl^\  hyp  log  r—  r  ^^^dp  =  constant,.. .(2,) 

and  each  of  those  is  the  equation  of  an  adiabatic  curve. 
For  a  perfect  gas,  we  have 


4£  =  ?olo    and^=^^°; (3.) 

d  T  To  V  dr  TqO  ' 


hence  let  p^  r^  correspond  to  one  given  absolute  temperature  Tj, 
and  jpj  *2  *^  another  given  absolute  temperature  t^  ;  then  for  a  per- 
fect gBHf,  or  a  gas  sensibly  perfect. 


log  -^=(y  — l)log^  = 


ril.iogS: 


=  G.y-'  =  i^T' 


.(4.) 


These  equations  give,  for  the  law  of  expansion  of  a  perfect  gas, 
without  receiving  or  emitting  heat,  the  following  relation  between 
the  pressure  and  the  volume, 

p<-^' ^'-^ 

and  this  is  the  simplest  form  of  the  equation  of  an  adiabatic  curve 
for  a  perfect  gas.  The  values  of  the  several  exponents  in  equations 
4  and  5  for  aib  are, 

that  "  idolon  fori,"  the  hypothens  of  caloric.  Those  experiments  also  afford  evidence 
of  the  fact,  that  the  scale  of  the  air  thermometer  senribly  agrees  with  that  of  absolnu 
temperatiiTea* 
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y  =    1-408 

r  —  1  =  0-408 


I 


y  — 1 

y 

y— 1 


=  2451 
=  3-451 


—     =  071 


y 

y-\ 


=  0-29 


For  STEAM  in  the  perfectly  gaseous  state,  taking  (as  in  Article 
202,  equation  4),  je>o  v^  =  42141,  and  according  to  M.  Regnault'a 
experiments,  K^  =  772  x  0-48  =  371,  we  find, 

7=1-3;  y  — 1=0-3; 
1  , .  _y , 

y 2""^*'  y J  —  4Si 

1  y  — 1 

;;  =  o'77i  — :;— =  0-23. 


In  the  experiments  of  MM.  Him  and  Cazin,  the  value  of  y  -4-  > 
—  1  ranged  from  4-23  to  4-47.  (Armaln  de  Cldmie,  1867,  vol.  x.  J 
These  vbIucs,  however,  are  not  so  certain  aa  those  of  the  corre- 
sponding quantities  for  air.  From  equation  1  is  easily  deduced  the 
law  of  the  variation  of  the  pressure  with  the  volume  of  any  fluid, 
whether  perfectly  gaseous  or  not,  enclosed  in  a  non-conducting 
vessel,  viz.  : — the  rcUe  of  vcMriaUan  of  the  pressure  wUh  the  vohims 
when  the  fluid  is  enclosed  in  a  norirConducUng  vessel,  exceeds  the  rate 
of  variation  tohen  the  temperature  is  constant,  in  the  ratio  of  the 
apparent  specif  heat  of  the  fluid  at  constant  pressure  to  its  apparent 
specific  heat  at  constant  vdume : — a  law  expressed  symbolically  ae 
follows  : — 

dp 

^'  P  ^  *•  i^X 

d^v'-'^'dj, («•) 
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For  a  perfect  gas  this  becomes, 

as  equation  5  also  shows.  The  cooling  of  air  Ij  expaDsion  has 
been  applied  to  practical  purposes  by  Dr.  Goriie,  Professor  Piazzi 
Smvth,  Mr.  Kirk,  and  other  inventors. 

z52.  Velocity  of  Sonnd  In  Oumm.* — The  velocity  of  sound  in  any 
fluid  is  well  known  to  be  equal  to  that  acquired  by  a  heavy  body 
in  falling  through  one-half  of  the  height  which  represents  the  varia- 
tion of  the  pressure  of  the  fluid  with  its  density  during  a  sudden 
change  of  density.  That  is  to  say,  let  a  be  the  velocity  of  sound 
in  feet  per  second,  g  the  accelerating  force  of  gravity  in  a  second 
=  32'2  feet  per  second,  D  the  weight  of  one  cubic  foot  of  the  fluid 

in  pounds  =r  — ,  and  p  its  elastic  pressure  in  pounds  per  square 

foot,  then 


'-\/'% (■•) 


During  the  ti-ansmission  of  a  wave  of  sound,  the  compression  and 
•expansion  of  the  particles  of  a  fluid  take  place  so  rapidly,  that  there 
is  not  time  for  any  appreciable  transmission  of  heat  between  dif- 
ferent particles,t  ^nd  the  variations  of  the  pi'essure  and  density  are 
related  to  each  other  as  they  would  be  in  a  non-conducting  vessel ; 
consequently,  if  h  represents  the  rate  of  variation  of  pressure  with 
density  at  a  constant  temperature,  then  it  follows  from  the  principle 

of  equation  6,  Art  251,  that  -rCr  =  yh,  and 


a=  Jgyh (2.) 

This  equation  was  proved  long  ago  by  Laplace  and  Poisson,  for 
perfect  gases,  for  which 

h  =  pv=P^-  T.... (3.) 

but  it  is  true,  as  we  have  seen,  for  all  fluids  whatsoever. 

Applying  the  formula  to  air,  considered  as  a  sensibly  perfect  gas, 
with  the  following  data : — 

*  In  tbia  Article  the  soands  are  supposed  to  be  of  moderate  intensity,  so  that  there  is 
no  sensible  acceleration  of  the  sonnd  doe  to  the  cause  investigated  by  Mr.  Eamshawi 
as  to  which  see  Proc.  Roy.  8oe^  1S69. 

t  Proved  by  Prof.  Q.  G.  Stokes. 
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y  =  1-408 ;poVo=262U;  t=to; 

Feet 
The  following  is  found  to  be  the  velocity  of  sound  in    per  secood 
pure  dry  air  at  the  temperature  of  melting  ice, 1090-2 

The  velocity  by  experiment  is — 

According  to  MM.  Bravais  and  Martins, 1 090-5 

According  to  MM.  Moll  and  Van  Beek,  1090*1 

Experiments  on  the  velocity  of  sound  serve  to  determine  the  ratio  v 
of  the  specific  heats  of  a  gas  at  constant  pressure  and  at  constant 
Toluma  For  oxygen,  hydrogen,  and  carbonic  oxide,  it  ia  sen- 
sibly the  same  as  for  air;  for  carbonic  acid,  considerably  less.— 
(Ediribvrgh  Transactions^  voL  xx.) 

253.  Free  "Bi^fmrnaAmn  of  OaMs  and  Tapoan. — ^When  the  expan- 
sion of  a  gaA  takes  effect,  not  by  enlarging  the  vessel  in  whidi  it 
is  contained,  and  so  peiforming  work  on  external  bodies,  but  by 
propelling  the  gas  itself  from  a  space  in  which  it  is  at  a  higher 
pressure  p^  into  a  space  in  which  it  is  at  a  lower  pressure  p^  a 
portion  of  enei^gy  represented  by 


/: 


^'vdp 

Pt 


is  employed  wholly  in  agitating  the  particles  of  the  gas;  and  when 
the  agitation  so  produced  has  entirely  subsided  through  the  mutual 
friction  of  those  particles,  an  equivalent  quantity  of  heat  is  developed, 
which  neutralizes  the  previous  cooling,  wholly  if  the  gas  is  perfect, 
pui}ially  if  it  is  imperfect  The  equation  representing  the  result  of 
this  process  is  the  following  \ — 


f^\d<p=:  P  V  dp (1.) 

J  ^i  ''Pa 


In  this  equation,  let  the  thermodynamic  function  be  expressed  in 
terms  of  the  temperature  and  pressure,  as  in  Article  248,  and  let  K^ 
be  put  for  its  own  value,  according  to  Article  250,  equation  3; 
then  we  have 

/^-^-/^Cv:-')"' « 

This  quantity  represents  the  amount  whereby  the  heat  reproduced 
by  fiiction  falls  short  of  that  which  disappears  during  the  expan- 
lion,  and  for  a  perfect  gas  is  nulL  The  phenomenon  here  in  ques- 
tion was  first  employed  by  Mr.  Joule,  and  Professor  William  Thom- 
son, jointly,  to  determine  experimentally  the  relation  between  the 
absolute  scale  of  temperature,  and  that  of  the  air  thermometer, 
which  had  previously  been  to  a  considerable  extent  a  matter  of 
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conjecture  and  hypothesis.  In  such  experiments  the  variation  of 
temperature  which  takes  place  is  very  small,  hence  we  may  put 
approximately 

where  r  is  the  mean  of  r^  and  r^  and 

is  the  final  cooling  effect  Let  T  represent  temperature  measured 
by  the  air  theimometer  on  the  ordinary  scale,  and  k  the  dynamical 
specific  heat  of  the  gas  under  constant  pressure  as  referred  to  this 
scale,  which  is  formed  by  multiplying  the  specific  heat  as  given  by 
M.  Begnault,  by  Joule's  equivalent.  Let  the  absolute  tempera- 
ture r  be  regarded  as  a  function  of  T, 


w  : 


=/(T) 
whose  form  is  to  be  ascertained.     Then  for  equation  3  we  may  put 

''^={f%-n-^)r:''^ w 

Each  experiment,  on  cooling  by  free  expansion,  gives  a  value  of  the 
cooling  effect  a  T,  corresponding  to  a  particular  pair  of  pressures 
Pv  Pt  T^®  relations  between  p,  v,  and  T,  are  given  by  formulae, 
founaed  on  M.  Begnault's  experiments  on  the  elasticity  of  gases, 
and  already  exempUfied  in  Article  202,  equations  2  and  3.  Conse- 
quently from  each  experiment  on  free  expansion,  there  can  be  cal- 
culated the  value  of  "^^  A^  =  — .^  ^,  for  a  particular  tempe- 
rature T  on  the  air  thermometer.  This  function,  when  multiplied  by 
Joule's  equivalent,  is  called  "  Camot's  Function,"  being  a  function 
of  which  Camot  pointed  out  the  existence,  but  failed,  from  i-easons 
stated  in  the  historical  sketch,  to  discover  the  form.  Those  experi- 
ments on  free  expansion,  so  far  as  they  have  yet  been  carried 
{having  been  made  on  air  and  carbonic  acid),  indicate,  that  the 
absolute  zero  of  heat  does  not  appreciably  differ  from  that  of 
gaseous  tension,  and  that  the  scale  of  absolute  temi)erature  sen- 
sibly coincides  with  that  of  the  perfect  gas  thermometer.  {Phil. 
Tran8,y  1854.)  This  fact  having  been  established,  experiments  on 
free  expansion  become  an  easy  and  acciurate  means  of  ascertaining 
the  relations  between  the  pressures,  temperatures,  and  densities  of 
various  elastic  fluids.     Experiments  on  the  free  expansion  of  steam 
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have  been  made  by  Mr,  C.  W.  Siemens,  and  show  (as  theory  leads 
ns  to  expect),  that  steam,  after  having  been  freely  expanded,  is 
su/perheoUedy  or  above  the  temperature  of  saturation  coiresponding 
to  its  pressure. 

254.  Flow  mi  OmsM. — The  principles  of  the  flow  of  a  perfect  gas 
through  an  oiiflce,  as  deduced  from  the  laws  of  thermodynamics^ 
were  investigated  in  1856  by  Messrs.  Thomson  and  Joule  (see  Proc 
Roy,  Soc,f  ]i£iy,  1856),  and  by  Professor  Julius  Weisbach  (Civilin- 
genieur,  1856).  The  demonstration  of  those  principles  is  given  in 
A  Manual  of  Applied  Mechanics,  Articles  637,  637  a.  For  the 
purposes  of  the  present  treatise,  it  is  unnecessary  to  give  more  than 
the  results. 

Let  the  pressure,  density,  and  absolute  temperatui^  of  a  gas 

within  a  vessel  be  p^,  — ,  Tj,  and  without  the  vessel,  p^y  — ,  ^j; 

Let  O  be  the  area  of  an  orifice  through  which  the  gas  escapes 
from  the  vessel; 

k,  a  co-tffid&rd  of  cont/ra/Ction,  or  of  efflux,  so  that  the  effective  area 
of  the  orifice  is  A;  O ; 

V,  the  maximum  velocity  which  the  particles  of  the  gas  acquire 
in  escaping,  when  there  is  no  friction ; 

W,  the  weight  of  the  gas  which  escapes  in  a  second ;  then, 

^■v{:-s'-^-('-(gm^ <>•> 

W  =  *^=A.OV--^^  .(^2^ (2.) 

The  value  of  the  co-efficient  of  efflux  k  has  been  found  experi- 
mentally by  Professor  Weisbach,  for  air  with  various  forms  of 
outlet,  with  the  following  results : — 

Conoidal  mouthpieces,  of  the  form  of  the  con-  \  k 

tracted  vein,  with  effective  pressures  of  from  >o*97  to  0-99 

•23  to  I'l  atmosphere, ) 

Circular  orifices  in  thin  plates, 0*55  to  079 

Short  cylindrical  mouthpieces, 073  to  0*84 

The  same,  i*ounded  at  the  inner  end, 0*92  to  0*93 

Conical  converging  mouthpieces,  the  angle  of) 

convergence  about  7°  9', j  ^'^  ^  ^'99 

For  values  of  y,  kc. ,  see  page  320.  As  to  the  outflow  of  saturated 
steam,  see  page  298. 

The  principles  of  the  flow  of  liquids  may  be  applied  without 
sensible  error,  to  gases  made  to  flow  by  small  differences  of  pres- 
sure, as  in  the  case  of  the  draught  of  chimneys,  Ai-ticle  233. 
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255.  lAceat  Heat  m€  iBrmpmrmUmm. — It  is  known  by  experiment, 
that  the  pressure  under  which  a  fluid  boils  at  a  given  temperature 
(being  the  least  pressure  under  which  it  can  exist  in  the  liquid 
state,  and  the  greatest  under  which  it  can  exist  in  the  gaseous 
state,  at  the  given  temperature),  is  a  function  of  the  temperature 
only  (see  Article  206,  Division  III.,  page  237,  and  Tables  IV.,  V., 
and  VI.,  at  the  end  of  the  volume).  Let  v'  be  the  volume  occupied 
by  one  pound  of  a  fluid,  when  in  the  liquid  state,  at  the  absolute 
temperature  t,  and  under  the  corresponding  pressure  of  ebullition  p, 
and  V  the  volume  of  the  same  weight  when  in  the  state  of  saturated 
vapour  at  the  same  pressure  and  temperature.  Then  on  applying 
equation  2,  of  Article  246,  to  this  case,  we  And  that  because  the 
temperature  is  constant,  the  first  term  is  =  0 ,  and  because  the 

pressure  is  constant,  the  factor  r  -^  of  the  second  term  is  constant; 

a  T 


so  that  the  integral  is 


UriP 


d 


(y-v), (1.) 


which  is  the  value  in  units  of  work  of  the  heat  which  disappears  in 
evaporating  one  pound  of  the  fltiid  at  the  given  temperature.    Now 

suppose  the  weight  of  fluid  evaporated  to  be > ;  that  is  to  say, 

BO  much  of  the  fluid,  that  its  increase  of  bulk  in  the  act  of  evapor- 
ating is  one  cubic  foot;  then 

L  =  ^=c^ (2.) 

will  be  the  ItUent  heat  of  evaporation  in  foot-lbs.  per  cubic  foot  of 
tpace.  This  law  enables  us  to  compute  the  quantity  of  heat 
expended  in  propelling  a  piston  through  a  given  space,  by  means 
of  a  given  vapour  at  fuU  preaswre  and  at  any  temperature,  simply 
from  the  relation  between  the  temperature  and  the  pressure  of 
ebullition,  and  without  knowing  the  density  of  the  vapour.  The 
rate  of  increase  of  the  pressure  of  ebullition  with  the  temperature, 

— ,  may  be  computed  either  from  a  table  of  such  pressures  for  the 

fluid  in  question  (such  as  those  given  by  M.  Regnault  in  the 
Mefnoires  and  Coniptes  Rendua  of  the  Aouiemy  of  Sciences),  or 
from  formulae  of  the  following  form,  deduced  finom  that  given  in 
Article  206,  Division  III.  :— 

L  =  .  ^^  =  p  (?  +  ?^?)  hyp  log  10 (3.) 

(hyp  log  10  =  2-3026  nearly). 
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For  the  values  of  B  and  C  for  certain  fluids,  see  the  table  in  page 
237.    ^  is  of  course  to  be  computed  in  Iba  on  the  squa/refoct. 

This  was  the  formula  employed  in  computing  the  numbers  in  the 
columns  headed  L  in  Tables  IV.  and  V.  at  the  end  of  the  volume. 

256.   €«mp«latl«a  •£  th«  Deaaily  •€  Vap«Hr  ilr^m  tk«  I^alcMt  Hcaif. 

— As  has  been  stated  in  Article  202,  and  in  Article  206,  Division 
III.,  the  densities  of  vapours  are  but  imperfectly  known  by  direct 
experiment.  The  density  of  a  vapour  at  saturation  at  a  given 
temperature  may  be  computed  indirectly  in  the  following  man- 
ner : — Let  L  be,  as  above,  the  latent  hesat  per  cubic  foot,  and  H  the 
latent  heat  per  pound  of  the  fluid,  ascertained  by  experiments  (such 
as  those  of  M.  Kegnault  on  water,  and  of  Dr.  Andrews  on  other 
fluids).     Then 

^-^'  =  ? (1) 

is  the  increase  of  volume  of  one  pound  of  the  fluid  in  evaporating, 
from  which  the  density  of  the  vapour  is  easily  calculated.  The 
densities,  thus  computed,  of  the  vapours  of  aether  and  sulphuret  of 
carbon,  at  their  boiling  points  under  the  mean  atmospheric  pressure 
(2116*3  lb.  per  square  foot)  agree  almost  exactly  with  those  com- 
puted from  the  chemical  composition  of  those  vapours,  supposing 
them  to  be  perfectly  gaseous.  The  densities  of  the  vapours  of  water 
and  alcohol  as  computed  from  their  latent  heats  of  evaporation, 
are  greater  than  those  corresponding  to  the  peifectly  gaseous  state. 
For  steam  at  low  pressures  the  difierence  is  trifling,  but  increases 
rapidly  as  the  pressure  increases.     {Proc,  Roy.  Soc,  JSdin.,  1855.) 

Example, —  p  =  2116*3  (one  atmosphere). 

^ther.  Bisulph.  of  Carbon.     Water. 

Boiling  points  (ordinary  scale),       95°  11 4^8           212® 
Weight  of  one  cubic  foot  of 

vapour — 

Calculated  from  latent  heat,...  0*1853  ^^*  0*1829  lb.  0*03790  lb. 

Calculated  as  perfect  gas  from  1      .  o  ^^  o                   ic^ 

chemical  composite \°^^56  01830  003679 

Differences, 0*0003  o*oooi  o-ooiii 

The  quantities,  in  the  column  headed  D,  in  Table  lY.,  are  the 

values  of r,  as  calculated   by  this  method.      They  agree  so 

nearly  with  the  values  of  -,  that  the  difference,  though  capable  of 
being  computed,  is  unimportant  in  practice.     In  Table  VI.,  the 
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values  of  v  are  given  in  the  column  headed  V.  (See  the  remarks 
on  those  tables  at  the  foot  of  page  231,  and  top  of  page  232.) 

257.  Toiai  Heal  •€  BrapMraiton. — The  total  heat  of  evaporation  of 
unity  of  weight  of  a  fluid,  ^ow  one  temperature,  at  another  tempo* 
rature,  is  the  quantity  of  heat  required  to  raise  the  temperature  of 
unity  of  weight  of  the  fluid  from  the  first  temperature  to  the  second, 
and  then  to  evaporate  it  at  the  second  temperature.  Some  fixed 
temperature,  such  as  that  of  melting  ice,  is  usually  taken  for  the 
first  temperature.  It  is  deducible  from  equation  3,  of  Ai-t  248, 
that  the  total  heat  of  evaporation  of  one  pound  of  a  fluid,  whose 
vapour  is  sensibly  a  perfect  gas,  and  very  bulky  as  compared  with 
the  ]iqvdd,/rom  r^,  aJt  t^,  is  sensibly  equal  to 

H,  +  K,(r,-r„) (1.) 

In  which  H^  is  latent  heat  of  evaporation,  in  foot-pounds,  of  the 
fluid  at  the  temperature  t^,  and  K,  is  the  dynamical  specific  heat 
of  its  gas  under  constant  pressure.  This  equation  is  demonstrated 
by  a  different  process  in  the  Edinburgh  Transactions  for  1850, 
vol.  XX.  The  demonstration  of  a  principle  which  includes  it  will 
be  given  in  the  next  Article.  Steam  is  not  a  perfect  gas ;  and  its 
total  heat  of  evaporation,  as  ascertained  by  experiment,  is  expressed 
in  foot-pounds,  by  multiplying  equation  2  of  Article  215,  by  Joule's 
equivalent,  as  follows  : — 

Ho  +  «('i-'o); (2.) 

in  which  a  is  a  certain  constant,  less  than  the  specific  heat  under 
constant  pressure,  K,.  According  to  M.  Regnault's  experiments, 
let  T^  be  the  absolute  temperature  of  melting  ice ;  then 

Ho  =  842872  foot-pounds. 

a    =  235  foot-pounds  per  degree  of  Fahrenheit.* 

It  is  by  means  of  equation  2,  that  the  quantities  in  the  column 
headed  H,  in  Table  VI.,  at  the  end  of  the  volume,  were  com- 
puted. 

258.  Tolal  Heal  af  Gaaellcailaa. — The  law  of  the  total  heat  of 
gasefication  has  been  already  stated  in  Article  216.  It  may  be 
demonstrated,  either  by  the  aid  of  the  form  of  the  thermo- 
dynamic function  given  in  Article  248,  or  by  a  direct 
process. 

The^r^^  method  of  demonstration  is  as  follows  : — 

*  The  fonn  of  equation  2  was  hvpothetically  anticipated  by  the  late  Sir  John 
Lubbock  in  1840. 
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Let  K,=zk+  -    ^  be  the  dynamical  speciiic  heat  under  constant 

pressure,  of  a  given  substance  in  the  state  of  perfect  gas. 

Let  Tq  be  a  temperature  so  low,  that  t]ie  saturated  vapour  of  the 
substance  is  sensibly  a  perfect  gas  at  that  temperature.  (This,  for 
example,  is  the  case  for  water  at  32"*  Fahr.) 

Let  j9|  be  a  constant  pressure  to  which  the  substance  is  sub- 
jected ; 

Let  Tj  be  a  temperature  so  high,  that  at  that  temperature,  and 
under  the  pressure  p^j  the  substance  is  sensibly  a  perfect  gas ; 

Let  the  substance,  by  communicating  heat  to  it,  be  brought  from 
a  condition  of  great  density,  whether  in  the  liquid  or  solid  state,  at 
Tq,  to  the  perfectly  gaseous  condition  at  T^ ;  under  the  cons^t 
pressure  p^; 

The  volume  in  the  denser  condition  must  be  supposed  to  be  inap- 
preciable, when  compared  with  that  in  the  gaseous  condition. 

The  thermodynamic  function,  as  given  in  Article  248,  in  terms  of 
the  absolute  temperature  and  the  pressure  as  independent  variables, 
is 

^»Kphyplog  T- j     'J^^P (^•) 

The  heat  absorbed  by  the  substance,  during  any  indefinitely 
small  change  of  temperature  d  r  and  of  pressure  dp,  is 

aK..a0  =  .(il^a.+p^ap) (2.) 

In  the  present  case,  the  pressure  is  constant;  and  therefore  the 
term  in  which  dp  is  a,  factor,  vanishes;  and  the  integration  to  be 
performed  is  as  follows: — 


H|  =  /      T  d  ^=z  I       r  -J—  dr 
=  K,(r,-r,)-fU''^f^-dpdr (3.) 

Now,  because  the  substance,  when  at  the  higher  limit  of  tempera- 

d^v 
ture  Tj,  is  sensibly  a  perfect  gas,  the  co-efficient-^-^  at  that  tempe- 
rature is  sensibly  =  0.  Therefore  the  value  of  the  second  term  of 
the  above  formula  does  not  sensibly  vary  with  the  higher  tempero- 
ture  Tj,  and  is  sensibly  the  same  as  if  r.  were  =  r^.  Now  in  that 
case  we  should  have 
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H^  being  tbe  latent  heat  of  evaporation  (in  foot-pounds),  of  one 
pound  of  the  substance  at  the  temperature  tq;  so  that,  for  equa< 
tion  3j  may  be  substituted  the  following : — 


=  JAo  +  Jc,(T,-To). 


.(4.) 


which  is  the  law  formerly  stated,  when  applied  to  quantities  of 
heat  expressed  in  foot-pounds. 

The  second  method  of  demonstration  is  as  follows  :— 

In  £g.  96,  as  usual,  let  ab-     ^  ^ 

1, 


sdsBie  parallel  to  O  X  repi-e- 
sent  the  volumes  in  cubic  feet 
assumed  by  one  pound  of  the 
substance  in  question,  when 
in  the  gaseous  state  (its  vo- 
lumes in  the  liquid  state  being 
neglected  as  inappreciable 
when  compared  with  its  vo- 
lumes in  the  gaseous  state), 


Fig.  96. 


and  ordinates,  parallel  to  O  Y,  its  pressures  in  pounds  on  the 
square  foot.  Let  TT  be  the  isothermal  curve  for  the  vapour 
at  a  given  absolute  temperature  rj,  which,  as  the  vapour  is  perfectly 
gaseous,  is  a  common  hyperbola,  the  rectangles  of  its  co-ordinates, 
such  as  A  B  X  B  E,  D  C  X  C  F,  being  equal  for  every  point, 
and  represented  symbolically  by 

pv  =  j/f/=p^VQ  '  *'-  =  constant 

wherep  =  BE";  i?  =  AB;  p'  =  CF;  t?'=  DO. 

Let  H,  H'  denote  the  values  of  the  total  heat  of  gasefication 
under  the  pressures  p,  pf  respectively,  for  the  same  limits  of  tem- 
perature, V-^,  Tj. 

Then,  First,  Th^  total  heal  of  gasefication  is  independent  of  t/ie 
pressure:  that  is,  H'  =  H. 

This  is  proved  as  follows.  Let  the  substance  undergo  the  fol- 
lowing cycle  of  operations  : — 

L  Gasefication  from  r^  to  r„  under  the  pressure  p.     In  this  case. 

The  heat  absorbed  is H 

The  enei^  exerted  by  the  fluid  on  a  piston pv 

IL  Expansion  at  the  constant  temperatiue  r^,  from  the  volume 
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V  to  the  Yolume  7/,  In  this  case,  as  the  substance  is  perfectly 
gaseous,  the  heat  absorbed  and  the  enei^  exerted  on  a  piston  are 
each  o/Uiem  represented  by  the  area 

EBC¥=^ABCT>^  j"^  pdv,:=z  [^  vdp. 

III.  Condensation  from  n,  and  cooling  to  r^  under  the  pressure 
p'.     In  this  case, 

The  heat^it^en  oui  is H* 

The  energy  exerted  bf/  ths  pisUm  on  thejUuid p'  t/. 

Hence,  the  heat  which  disappears  during  the  cycle  of  operations,  is 
IL  +  jpdv  —  W, 
The  resultant  or  effective  energy  exerted  by  the  gas  on  the  piston, 

=  area  ABC'D=Jvdp=z  fpdv. 

And  by  the  First  Law  of  Thermodynamics,  those  quantities  art 
equal;  therefore, 

H  — H'  =  0;  orH'=H; 

— Q.RD. 

SECOin)LT,  Let  Hq  be  the  latent  heat  of  evaporation  at  a  tem- 
perature Tq,  at  which  the  saturated  vapour  is  sensibly  a  perfect  gas, 
and  Hj  the  total  heat  of  gasefication  at  any  higher  temperature  T, 
under  any  constant  pressure.  Suppose  the  gas  to  be  fii'st  produced 
by  evaporation  at  T^,  and  then  raised  under  a  constant  pressure  to 
Tjj  the  expenditure  of  heat,  in  foot-pounds,  per  pound  of  gas,  will 
be  independent  of  the  pressure,  and  will  be 

Hi  =  Ho  +  Kp(Ti-To), 

as  before  proved. — Q.  R  D. 

Taking  for  Tq  the  temperature  of  melting  ice,  we  have,  for  steam 
in  the  perfectly  gaseous  condition,  or  Steah-Gas, 

Ho  =  842872  foot-pounds, 

Kp=0-48  X  772  =  371  foot-pounds  per  degree  of 

Fahrenheit  above  32^ 

H  =  842872  +  371  (T  — 32^). 


...  .(5.) 
From  this  formula  have  been  calculated  the  numbers  in  the 
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ooliunn  headed  H,  in  a  Table  of  the  Elasticity  and  Total  Heal  of 
(hie  Potmd  of  Stea/ni-Gas,  which  will  be  given  in  a  subsequent 
Article. 

258  A.  liafeai  Heal  mf  Fnaiaat — ^Wheu  freezing  and  melting  are 
accompanied  by  a  change  of  volume,  the  latent  heat  of  fusion  is  sub- 
ject to  a  law  ajialogous  to  that  given  in  Article  255  for  the  latent 
heat  of  evaporation,  viz.,  let  v  be  the  volume  of  unity  of  weight  of 
the  substance  in  the  liquid  state,  v'  the  volume  in  the  solid  state, 

T  the  absolute  temperature  of  fusion,  and  -^  the  reciprocal  of  the 

rate  at  which  that  temperature  varies  with  the  external  pressure 
under  which  fusion  takes  place ;  then  the  latent  heat  of  fusion,  in 
units  of  work,  is 

H=T^.J   iy-yf) (1.) 

When  the  latent  heat  and  temperature  of  fusion,  and  the  alteration 
of  volume  t7  —  v\  are  known  by  experiment  for  a  given  substance^ 
the  alteration  of  the  temperature  of  fusion  by  pressure  may  be  com- 
puted by  the  following  formula  : — 

d^   * H       W 

When  the  bulk  of  the  substance  in  the  solid  state  exceeds  that  in 

the  liquid  state  (as  is  the  case  for  water,  antimony,  cast  iron,  and 

a  T 
according  to  Mr.  Nasmyth,  for  many  other  substances),  then  -j— 

is  n^iative :  that  is,  the  temperature  of  fusion  is  lowered  by  pressure ; 
a  principle  first  pointed  out  by  Mr.  James  Thomson,  as  a  conse- 
quence of  Camot's  theory  {Edinburgh  Transactions,  voL  xvi)  For 
water  we  have  the  following  data : — 

V  =  0-016    cubic  foot  per  pound, 

t,' =0-0174         „ 

r  =  493^-2  Fahr. 

H=:  142  X  772  =  109624  foot-pounds; 

consequently,  —  -^  =  00000063  Fahrenheit,  being  the  amount 

by  which  the  melting  point  of  ice  is  lowered  for  each  pound  of  pres- 
sure on  the  square  foot.  An  atmosphere  of  pressure  being  2,1 1 6  lbs. 
per  square  foot,  we  have,  for  the  lowering  of  the  melting  point  per 
atmosphere  of  pressure, 
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2116  X   f—^\  =  0»-0133  Fahrenheit, 

a  result  verified  by  the  experiments  of  Professor  William  Thomaon. 

Section  3. — Ejfficiency  of  the  Fluid  in  Heat  Engines  in  generoL 

259.  Aaalrsis  mt  the  BflictoBcj  •£  Heat  Ea«iaes.— If  the   number 

of  British  thermal  units  produced  by  the  combustion  of  one  pound 
of  a  given  kind  of  fuel,  be  multiplied  by  Joule's  equivalent,  773 
foot-pounds,  the  result  is  the  toted  heat  of  combtisUon  c£  the  fuel  in 
question,  expressed  in  foot-pounds.  For  different  kinds  of  fuel,  as 
may  be  deduced  from  the  data  in  Article  227,  this  quantity,  in 
round  numbers,  ranges  between  5,000,000  and  12,000,000  foot- 
pounds. This  total  heat  is  expended,  in  any  given  engine,  in  pro- 
ducing the  following  effects,  whose  sum  is  equal  to  the  heat  so 
expended : — 

1.  The  ttxiste  heat  o/thejumace,  being  from  0-1  to  0*6  of  the  total 
heat,  according  to  iSie  construction  of  the  furnace,  and  the  skill 
with  which  the  combustion  is  regulated.     See  Article  234. 

2.  The  necessarily-rejected  heat  of  the  engine,  being  the  excess  of 
the  whole  heat  communicated  to  the  worlong  fluid  by  each  pound 
of  fuel  burned,  above  the  portion  of  that  heat  which  permanently 
disappears,  being  replaced  by  mechanical  energy. 

3.  The  heat  wasted  by  the  engine,  whether  by  conduction  or  by 
non-fulfilment  of  the  conditions  of  maximum  efficiency. 

4.  The  vsdese  vxyrk  of  the  engine,  employed  in  overcoming  fric- 
tion and  other  prejudicial  resistances. 

5.  The  useful  v)orh  The  efficiency  of  a  heat  engine  is  improved 
by  diminishing  as  far  as  possible  the  first  four  of  those  effects,  so  as 
to  increase  the  fifth. 

It  appears  then  that  the  efficiency  of  a  heat  engine  is  the  pro- 
duct of  three  factors;  viz. ; — I.  The  efficiency  of  the  fwmace,  being 
the  ratio  which  the  heat  transferred  to  the  working  fluid  bears  to 
the  total  heat  of  combustion  ;  II.  The  efficiency  of  the  fluid,  being 
the  fraction  of  the  heat  received  by  it  which  is  transformed  into 
mechanical  energy ;  and.  III.,  The  efficiency  of  the  mechaniem, 
being  the  fractipn  of  that  energy  which  is  available  for  driving 
machine& 

The  first  of  those  factors, — ^the  efficiency  of  the  furnace, — has 
been  considered  in  Chapter  II.,  and  especially  in  Article  234  :  the 
second, — the  efficiency  of  the  fluid, — ^is  the  special  subject  of  the 
present  section;  the  third  will  be  considered  in  a  subsequent 
section. 

260.  JictlMi  •r  the  Crltodev  and  PlM*a— laAcaiedi  P«wer.— The 
|)art  of  a  heat  engine  in  which  the  fluid  performs  work  oonsiBts 
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essentially  of  an  enclosed  space  whose  yolume  is  capable  of  being 
alternately  enlarged  and  contracted,  by  the  motion  of  one  of  its 
boundaries.  The  enclosed  space  is  of  a  cylindrical  form,  in  all 
engines  that  are  extensively  used  in  practice;  and  it  is  called  the 
CYUNDERy  even  in  those  exceptional  engines  in  which  it  has  some 
other  figure.  Its  moveable  boundary  is  called  the  piston,  and  is 
usually  a  cylindrical  disc  fitting  the  cylinder,  in  which  it  moves  to 
and  fix)  in  a  straight  line.  In  some  exceptional  engines  the  piston 
has  other  forms,  but  its  action  always  is  to  increase  and  diminish 
alternately  the  volume  of  a  certain  enclosed  space. 

The  steam  or  other  working  fluid,  while  it  is  entering  the  cylin- 
der and  expanding^  drives  the  piston  before  it,  and  exerts  on  the 
piston  an  amount  of  energy  equal  to  the  product  of  the  volume 
swept  through  by  the  piston  into  the  mean  intensity  of  the  pressure 
of  the  fluid.     This  operation  is  the/ortvaavl  stroke. 

During  the  return,  or  backward  stroke,  the  piston  drives  the  fluid 
before  it,  and  either  expels  it  froih  the  cylinder,  or  compresses  it, 
or  expels  part  and  compresses  part;  and  in  so  doing  tiie  piston 
exerts  energy  upon  the  fluid  to  an  amount  equal  to  the  product  of 
the  volume  swept  through  by  the  piston  into  the  mean  intensity  of 
the  pressure  of  the  fluid,  which  is  now  called  hack  pressure. 

The  excess  of  the  energy  exerted  by  the  fluid  on  the  piston  dur- 
ing the  forward  stroke  above  the  energy  exerted  by  the  piston  on 
the  fluid  during  the  return  stroke,  is  the  effective  energy  exerted  by 
the  fluid  on  the  piston  during  one  complete  stroke,  or  revoluJtum, 
consisting  of  a  forward  stroke  and  a  return  stroke,  and  is  equal  to 
the  work  perform^  by  the  piston  in  overcoming  resistance  other 
than  the  back  pressure  of  the  fluid ;  and  the  amount  of  that  work 
in  some  definite  time,  as  a  second,  a  minute,  or  an  hour,  is  the 
INDICATED  POWER  of  the  engine. 

The  method  of  computing  that  power  from  the  diagram  drawn  by 
the  indicator  of  a  working  engine  has  been  explained  in  Article  43^ 
It  is  to  be  borne  in  mind  in  such  calculations  (as  has  been  ex- 
plained in  Article  6),  that  the  spaces  swept  through  by  the  piston, 
and  the  intensities  of  the  pressure,  must  be  stated  in  such  units  that 
the  product  of  a  space  into  the  intensity  of  a  pressure  shall  give  a 
quantity  of  work  in  foot-pounds.  Thus,  for  quantities  of  work  in 
foot-pcfmds — 


UNIT  OF  PRBSSURE. 

One  lb.  on  the  square  foot. 
One  lb.  on  the  square  incL 


UNIT  OF  SPACE. 

One  cubic  foot. 

A  prism  a  foot  long  and  an  inch 

square,  =  "TTT"  <^^^i<>  foot; 
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And  for  quantities  of  work  in  hUogrammeti 

UNIT  OF  PRESSURE. 

One  kilogramme  on  the  square  ) 
meti-e, j 

One  kilogramme  on  the  square  ) 
centimetre, J 


One  kilogramme  on  the  square  ) 
millimetre, j 


UNIT   OF  SPACE. 


One  cubic  metre, 
j^cnibid  metre  =iutea 

■pg^  cubic  metre  =-j-lj5 
litre. 


The  method  of  computing  the  power  of  a  double-acting  engine, 
by  finding  separately  the  quantities  of  effectiye  energy  exerted  on 
the  two  sides  of  the  piston,  and  adding  them  together,  has  been 
sufficiently  explained  and  illustrated  in  Article  43,  pages  50,  51. 

261.  1>««Me  Cyllader  Eaclaes— CmMMaiai««  •€  DlacmaM* — In  a 
double  cylinder  engine,  the  steam  or  other  fluid  peiforms  its  work 
in  two  cylinders,  a  smaller  and  a  larger,  which  at  certain  periods 
communicate  with  each  other.  In  some  cases  the.  functions  of  two 
cylinders  are  performed  by  the  two  ends  of  one  cylinder.  The 
details  of  such  engines  will  be  explained  in  a  future  chapter;  the 
object  of  the  present  Article  being  to  show  how  the  indicator-dia- 
grams of  work  obtained  from  a  double  cylinder  engine  are  to  be 
combined,  so  as  to  produce  the  diagram  that  would  have  been 
obtained  had  the  fluid  performed  the  same  work  by  going  through 
the  same  series  of  changes  of  pressure  and  volume  in  one  cylinder. 


B       O 

] 

E 

G-  H>X^ 

i«r          "^ 

^„^^ 

^<^ 

*"             ■V'»» 

A 

r- 

*  O  K  ft 

Fig.  97. 

To  flx  the  ideas,  the  fluid  wiU  be  spoken  of  as  stecvm;  although  the 
principles  are  applicable  to  any  fluid.  The  steam,  then,  is  first 
admitted  from  the  boiler  into  the  smaller  cylinder,  until  it  fills  a 
certain  volume,  represented  by  B  C  in  fig.  97 ;  the  absolute  pressuro 
is  represented  by  the  height  of  B  C  above  the  zero  line  P  O  Q.  The 
admission  of  the  steam  is  then  cut  ofl^,  and  it  expands  in  the 
smaller  cylinder  with  a  pressure  gradually  diminishing,  as  shown 
by  the  ordinates  of  the  curve  CD.  D  N  being  let  ftil  perpen- 
dicular to  O  Q,  O  N,  represents  the  whole  volume  swept  through  by 
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the  pistoQ  of  the  smaller  cylinder  during  its  forward  stroke.  At 
the  end  of  that  stroke,  a  communication  is  opened  between  the 
smaller  and  the  larger  cylinder;  and  the  forward  stroke  of  the 
piston  of  the  larger  cylinder  takes  place  at  the  same  time  with  the 
return  stroke  of  the  piston  of  the  smaller  cylinder.  During  this 
process,  the  steam  is  driven  before  the  piston  of  the  smaller  cylinder, 
and  drives  the  piston  of  the  larger  cylinder;  it  exerts  more  energy 
on  the  latter  piston  than  it  receives  from  the  former,  because  the 
piston  of  the  larger  cylinder  sweeps  through  the  greater  space ;  and 
the  diffeDrence  between  those  quantities  of  energy  is  added  to  the 
energy  formerly  exerted  by  the  steam  on  the  piston  of  the  smaller 
cylinder.  This  part  of  the  action  of  the  steam  is  represented  by 
the  curves  D  A  and  E  F  :  the  ordinates  of  D  A  representing  the 
backward  pressures  exerted  by  the  steam  in  the  smaUer  cylinder, 
and  the  ordinates  of  E  F,  the  forward  pressures  exerted  by  it  at 
the  same  time  in  the  larger  cylinder.  O  P  represents  the  space 
swept  through  by  the  piston  of  the  larger  cylinder,  on  the  same 
scale  with  that  according  to  which  O  N  represents  the  correspond- 
ing space  for  the  smaller  cylinder. 

The  next  operation  is  to  shut  the  communication  between  the 
two  cylinders,  and  open  the  exhaust  port  of  the  larger  cylinder, 
and  the  admission  port  of  the  smaller.  Then  takes  place  the 
return  stroke  of  the  larger  cylinder,  during  which  the  steam  is 
expelled,  exerting  a  back  pressure  represented  by  the  ordinates  of 
FA;  while  at  the  same  time  a  new  portion  of  steam  is  admitted 
into  the  smaller  cylinder,  and  expanded  as  before,  durmg  a  new 
forward  stroke  of  that  cylinder. 

Thus  are  produced  the  two  indicator  diagrams,  B  0  D  A  B  for 
the  smaller  cylinder,  and  E  F  A  E  for  the  larger,  and  the  sum  of 
their  areas  represents  the  energy  exerted  on  the  piston  by  the 
quantity  of  steam  which  is  expended  at  one  stroke.  When  two 
such  diagrams  are  taken  by  an  indicator,  for  the  sole  purpose  of 
computing  the  power  of  an  actual  engine,  they  may  be  drawn  on 
the  same  or  on  different  scales,  and  the  quantities  of  work  indicated 
by  them  may  be  computed  independently,  and  then  added  together. 
Of  this  a  detailed  example  has  already  been  given  in  Article  43, 
page  51. 

But  if  the  diagrams  are  to  be  used  for  the  purpose  of  examining 
into  the  thermodynamic  relations  between  heat  expended  and  work 
performed,  or  for  other  scientific  purposes,  it  is  best  to  combine 
them  into  one  diagram,  in  the  following  manner : — 

Draw  any  straight  line  K  G  H  parallel  to  P  O  Q,  and  intersect- 
ing both  diagrams.     Produce  that  line,  and  lay  off  upon  it 

HL  =  KG. 
z 
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Then  GL-^GH  +  KG  represents  the  total  volume  occupied 
by  the  steam,  partly  in  the  smaller  and  partly  in  the  larger  (^linder, 
"when  its  absolute  pressure  is  represented  by  O  G ;  and  L  is  a  point 
in  the  indicator  diagram  which  would  have  been  described  had  the 
whole  action  of  the  steam  taken  place  in  the  larger  cylinder  only. 

By  drawing  a  sufficient  number  of  pai'allel  lines,  such  as  K  L, 
and  laying  off  the  proper  distances  on  them,  as  above,  any  number 
of  points  such  as  L  may  be  found,  so  as  to  complete  the  combined 
diagram  B  C  D  L  M  A  B,  whose  length  O  Q  =  O  P  represents  the 
volume  swept  through  by  the  piston  of  the  larger  cylinder^  and 
this  diagram  may  be  reasoned  about  as  if  it  represented  the  action 
of  the  steam  in  the  larger  cylinder  alone. 

It  is  to  be  observed,  then,  as  a  general  principle,  that  the  energy 
exerted  by  a  given  portion  of  a  fluid  dwring  a  given  series  of  changes 
of  pressure  <md  volwrne,  depends  on  that  series  of  changes,  and  not  on 
ike  numher  and  arrangement  of  the  cylinders  in  tohidi  ^lose  changes 
are  undergone,     (See  p.  571.) 

262.  FiHid  AcUng  •■  m  Caahtoa. — To  determine  geometrically 
the  efficiency  of  a  heat  engine,  it  is  necessary  to  know  its  true 
indicator  diagram;  that  is  to  say,  the  curve  whose  co-ordinates 
represent  the  successive  volumes  and  pressures  which  the  fluid 
toorking  the  engine  assumes  during  a  complete  revolution.  This 
true  indicator  diagram  is  not  necessarily  identical  in  figure  with 
the  diagram  described  by  the  engine  on  the  indicator  card;  for 
the  absciss®  representing  volumes  in  the  latter  diagram,  include 
not  only  the  volumes  assumed  by  that  portion  of  the  fluid,  which 
really  performs  the  work  by  alternately  receiving  heat  whDe  ex- 
panding, and  emitting  heat  while  contracting,  in  such  a  manner  as 
permanently  to  transform  heat  into  mechanical  energy,  but  also 
the  volumes  assumed  by  that  portion  of  the  fluid,  if  any,  which  acts 
mei-ely  as  a  cushion  for  transmitting  pressure  to  the  piston,  imder- 
y  going,  during  each  revolu- 

tion, a  series  of  changes  of 
^  pressure  and  volume,  and 

**l ^ ^    ^--^''-^^  then  the  same  series  in  ai. 

order  exactly  the  revense 
of  the  former  order,  to  as 
to  transform  no  heat  per- 
manently  to  mechanical 
eneigy. 

In  ^.  98,  let  abcdhe 

"x    the  apparent  indicator  dia- 

^g.98.  gram.      Parallel  to    O  X 

draw  Ha  and  L c,  touching  this  diagitan  in  a  and  c  respectively; 
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then  those  lines  will  be  the  lines  of  maximum  and  minimum  pres- 
sure,  Liet  H  E  and  L  G  be  the  volumes  occupied  by  the  cushion  at 
the  maximum  and  minimum  pressures  respectively :  draw  the  curve 
£  G,  such  that  its  co-ordinates  shall  represent  the  changes  of  volume 
and  pressure  undergone  by  the  cushion  during  a  revolution  of  the 
engine.  Let  KFdbhe  any  stiuight  line  of  equal  pressure,  inter- 
secting this  curve  and  the  apparent  indicator  diagram;  so  that 
K  6,  K.  c^  shall  represent  the  two  volumes  assumed  by  the  whole 
elastic  body  at  the  pressure  OK,  and  KF  the. volume  of  the 
o.u8hion  at  the  same  pressure.     On  this  line  take 

bB  =  dJi  =  KF; 

then  it  is  evident  that  B  and  D  will  be  two  points  in  the  true 
indicator  diagram;  and  in  the  same  manner  may  any  number  of 
points  be  found. 

The  area  of  the  true  diagram  A  B  C  D  is  obviously  equal  to  that 
of  the  apparent  diagram  abccL 

263.    F^rmalaB   fw  Bncrgr  CKorted  by  Fl«id  •■   l>tol«a.  —  In  fig. 

99,  let  ABODEA  repre- 
sent the  indicator  diagram  of   ^ 
a  heat  engine,  O  Y  as  usual 
being  the  line  of  no  pressure, 
and  O  P  that  of  no  volume. 

The  area  of  that  diagram,    q 
representing    the     effective    ^ 
energy  exerted  by  a  certain 
quantity  of  the  fluid,  may  be 
computed  and  expressed  by 
either  of  two  methods. 

First  Method—ljet  thedot-  ^'^'  ^^• 

ted  lines  B6,  Ee,  be  tangents  to  the  diagram,  parallel  to  O  P, 
BO  that 

Oezszv^;  0  6  =  t7'i; 

are  respectively  the  greatest  and  the  least  volumes  occupied  by  the 
quantity  of  fluid  in  question. 

Let  F  G  =  Av  represent  any  small  portion  of  the  change  of 
volume  undergone  by  the  fluid.  Draw  F  L  H,  G  M  K,  perpendi- 
cular to  O  V;  and  let 


^^R. 


J 


p  =  mean  of  F  H  and  G  K,  and 

p^  =r  mean  of  F  L  and  G  M, 
represent  the  mean  intensities  of  the  pressures  of  thefluid  when  the 
portion  of  the  change  of  volume  represented  by  F  G  =  At?  takes 
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place,  during  the  forwa/rd  stroke,  and  during  the  return  stroke 
respectively,  so  that 

is  the  ^ective  pressure  corresponding  to  F  G. 
Then, 

{P — P')  •*  V  =  area  L  H  K  M  nearly ; 

and  by  dividing  the  whole  diagram  into  a  number  of  kands,  such 
as  L  H  K  M,  and  adding  their  areas  together,  we  get  as  an  approxi- 
mation to  the  whole  area  of  the  diagram, 

U  =  2  [  (p  — p')  A  V  ]  nearly; 

being  the  value  already  given  in  Article  43. 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  diWded 
become  more  numerous  and  more  narrow.  That  limit,  or  integral, 
is  represented  by  the  symbol. 


^=fiy-p-)dv (1.) 


Second  Method, — Let  pj  represent  the  greatest,  and  p^  the  least 
intensity  of  the  pressure  of  the  fluid  during  its  action. 

Let  N  Q  ^  A  p  represent  any  small  portion  of  the  change  of  pres- 
sure undergone  by  the  fluid.  Draw  N  T  R,  Q  W  S,  peq)endicular 
to  O  P,  and  let  

V  =  mean  of  N  R  and  Q  S,  and 

V  =  mean  of  JTT  and  QW, 

represent  the  mean  volumes  occupied  by  the  fluid  when  the  portion  of 
the  change  of  pressure  represented  by  N  Q  =  ^  p  takes  place,  during 
the  forward  stroke  and  during  the  return  stroke  respectively. 
Then, 

(v  —  V)  Ap  =  area  W  S  R  T  nearly; 

and  by  dividing  the  whole  diagram  into  a  number  of  bands,  such  as 
W  S  R  T,  and  adding  their  areas  together,  we  get  as  an  approxima- 
tion to  the  whole  ai*ea  of  the  diagram, 

U  =  2 1 (t?  —  ^)  Ap^  nearly. 

The  exact  value  of  that  area  is  the  limit  towards  which  that  sum 
approximates,  as  the  bands  into  which  the  diagram  is  divided 
become  more  numerous  and  more  narrow.  That  limit,  or  integral^ 
is  represented  by  the  symbol 
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fPl 


"=/ 


{v-f/)dp; (2.) 

Ps 

being  a  result  equal  to  that  given  by  equation  1,  but  obtained  by  a 
different  process. 

The  first  method  is  the  best  for  measuring  the  work  indicated  by 
the  diagrams  of  actual  engines.  The  second  is  the  most  convenient 
in  some  theoretical  inquiries. 

It  is  always  most  convenient  to  consider  the  quantity  of  fluid 
to  which  the  equations  1  and  2  refer,  as  being  one  pound  ;  so  that 
they  give  the  energy  exerted  per  pound  of  fluid,  and  the  values 
of  V  are  simply  the  various  volumes  occupied  by  one  pound  at  dif- 
ferent periods  of  the  revolution  of  the.  engine. 

To  express  the  energy  exerted  per  unit  of  space  ewept  through  hy 
the  piston  (or  in  a  double  cylinder  engine,  by  the  piston  of  the 
larger  cylinder),  it  is  to  be  observed,  that  the  space  so  swept 
through  per  pound  of  fluid  employed,  is  the  difference  between  the 
greatest  and  least  volumes  occupied  by  one  pound;  that  is  to  say, 

BO  that,  THE  ENERGY  EXERTED  PER  UNIT  OF  VOLUME  SWEPT  THROUGH 

U  j{p—p)dv       f(v  —  iy)dp 


•'2—^1  ^2  — «^1 


.(3.) 


If  the  unit  of  volume  is  a  cubic  foot,  this  formula  gives  the  mean 
effective  pressure  in  pounds  on  the  square  foot;  if  the  unit  of  volume 
is  a  prism  a  foot  long  and  an  inch  square,  the  formula  gives  the 
mean  effecUiBe  pressure  in  pounds  on  the  square  inch. 

The  ENERGY  EXERTED  IN  A  GIVEN  TIME  (such  as  a  minute,  or 
an  hour),  that  is,  the  indicated  power,  is  given  by  the  expression, 

wU, (4.) 

in  which  w  is  the  weight  of  fluid  employed  in  the  given  time ;  or 
otherwise,  as  in  Article  43^  equation  4,  by  the  expression, 

^-^■. w 

in  which  A  is  the  area,  and  s  the  length  of  stroke  of  the  piston  (or 
of  the  piston  of  the  larger  cylinder,  in  a  double  cylinder  engine); 
so  that  A  «  is  the  volume  swept  through  per  stroke ;  and  N  is  the 
number  of  strokes  in  the  given  time;  which  number,  in  a  double 
acting  engine,  is  to  be  doubled,  as  has  been  explained  in  Article 
43,  unless  the  quantities  of  energy  exerted  on  the  two  sides  of  the 
piston  are  computed  separately,  and  added  together. 
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Inasmuch  as  we  have 


to  = -r, (6.) 


it  follows  that  the  toeight  o/Jlmd  em/ployed  per  tiroke  is 
w         As 


.(7.) 


N  "vj-t/i 

If  the  diagram  in  fig.  99  is  held  to  represent  the  enei^  exerted 
by  one  poimd  of  the  fluid,  then  the  abscissae  parallel  to  O  V 
represent  simply  values  of  v,  the  volume  of  one  pound. 

K  the  diagram  is  held  to  represent  the  energy  exerted  per  unit 
of  volume  swept  thrimgh^  then  the  line  h  e  represents  that  unit,  and 
the  abscissae  parallel  to  O  Y  represent  values  of 

(8.) 


^i-^\ 

If  the  diagram  is  held  to  represent  the  enei-gy  exerted  during 
one  stroke,  then  the  line  b  e  represents  the  volume  A  s,  and  the 
abscissae  parallel  to  O  Y  represent  values  of 

JL^i. (it.) 

The  quantity  spoken  of  as  the  "toeight  of  fluid  employed"  ia 
every  case  means,  the  weight  of  fluid  employed  once;  and  if  a 
given  weight  of  fluid  (as  often  happens)  is  maide  to  act  again  and 
again,  it  is  to  be  held  to  be  equivalent  to  the  same  weight  multir 
plied  by  the  number  oftimM  that  it  is  employed, 

264.  Kqmtioii  of  Kwutrgr  and  Work. —  The  principle  of  the 
equality  of  energy  and  work  (Articles  26,  33)  when  applied  to  the 
action  of  the  fluid  in  a  heat  engine,  takes  the  following  form : — 

When  tlis  engine  is  moving  with  an  uniform  periodical  motion 
(that  is,  when  each  stroke  occupies  ah  equal  interval  of  time,  and 
when  the  velocity  of  each  part  of  the  machine  is  the  same  after 
any  number  of  complete  strokes),  the  energy  exerted  by  the  fluid  on 
the  piston  during  any  number  of  complete  strokes  is  egwd  to  the  work 
performed  by  the  piston  in  overcoming  resistance  in  the  same  period 

The  most  convenient  method  of  expressing  this  principle  by  & 
formula  is  as  follows: — 

.  As  in  Aiiiicles  9  and  24,  let  all  the  resistances,  useful  and  pre- 
judicial, which  the  engine  has  to  overcome,  be  reduced  to  the  piston 
as  a  driving  poijit.  For  example,  suppose  that  while  the  piston 
performs  a  stroke,  of  the  length  «,  a  given  part  of  the  mechanism 
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moves  through  the  distance  dy  against  the  resistanoe  R'.  Then  the 
equivalent  resistanoe,  directly  applied  to  the  piston,  is 

vnd  the  total  rssistance  reduced  to  the  piston,  obtained  by  adding 
together  all  such  quantities  as  the  above,  may  be  denoted  as 
follows : — 

R  =  2--R' (1.) 

8 

Now  if  N  be  taken,  as  in  the  last  Article,  to  denote  the  number 
of  strokes  in  a  given  time,  such  as  a  minute,  the  work  performed 
by  the  piston  in  that  time  is 

N«R  =  N-2*'R'; (2.) 

and  this  being  equated  to  the  energy  exerted  by  the  fltiid  on  the 
piston  in  the  same  time,  as  given  in  Article  263,  formul»  4  and  5, 
gives  for  the  equation  of  energy  and  loork,  the  following : — 

lifeR  =  wTJ=^^'y (3.) 

Another  form  of  expression  for  the  same  principle  is  obtained  by 
dividing  both  sides  of  the  above  equation  by  N  «  A,  as  follows  : — 

i=^. <-) 

Now  the  first  side  of  this  equation  is  the  total  resistance  per  unit 
of  area  of  piston ;  and  the  second  side  is  the  mean  effective  pressure 
of  the  fluid;  so  that  the  principle  expressed  by  it  may  be  stated  as 
follows : — 

In  a  heat  engine  moving  with  an  uniform  periodical  motion,  the 
mean  effective  preseure  of  ike  fluid  is  equal  to  the  total  resistance  per 
unit  of  area  of  piston. 

The  proper  mode  of  applying  this  principle  to  the  steam  engine 
was  first  pointed  out  by  t\\e  Count  de  Pambour  in  his  works  On 
Locomotives,  and  on  the  Theory  of  the  Steam  Engine,  It  may  be 
summed  up  as  follows,  leaving  the  details  to  be  explained  further 
on: — 

The  resistance  is  in  general  determined  by  the  nature  oi'  the 
work  performed  by  the  engine;  so  that  in  most  cases,  R  is  known 
firom  data  independent  of  the  action  of  the  fluid. 

The  resistance  being  a  fixed  quantity,  fixes  the  mean  effective 
pressure  according  to  equation  4;  in  other  words,  the  action  of  thit 
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fluid  (xdjusU  itsdf  until  the  mean  effective  pressure  balances  the 
resistance.  The  process  by  which  that  adjustment  takes  place  may 
be  stated  generally  thus : — if  the  mean  effective  pressure  is  at  first 
greater  than  the  resistance,  the  motion  of  the  engine  is  accelerated; 
that  is,  the  number  of  strokes  in  a  given  time  is  increased;  the 
quantity  of  heat  expended  per  stroke  is  diminished;  and  the  mean 
effective  pressure  is  diminished;  and  this  goes  on  until  the  mean 
effective  pressure  exactly  balances  the  resistance.  If  the  mean 
effective  pressure  is  at  first  less  than  the  resistance,  the  motion  of 
the  engine  is  retarded  until  the  same  adjustment  is  effected  by  a 
process  precisely  the  converse  of  that  above  described. 

The  mean  effective  pressure  being  thus  determined,  the  quantities 
U,  t?2  ~  ^i>  ^T^^  the  various  values  of  p  and  v,  at  different  parts  of 
the  stroke,  can  be  deduced  from  it  by  principles  to  be  afterwards 
explained,  depending  on  the  nature  of  the  fluid,  and  the  manner  in 
which  its  action  is  regulated  in  the  particular  engine.  Then  from 
equation  6  of  Article  263,  it  appears  that  the  number  of  strokes  in 
a  given  time  can  be  computed  by  the  formula 

N  =  "'V'^t) (5.) 

265.  EMcteHcy  of  ili«  Flald  In  an  Blententaiy  Heat  £■«!■•. — ^An 

elementary  heat  engine  is  one  in  which  the  reception  of  heat  by 
the  fluid  takes  place  wholly  at  one  absolute  temperature  Tj,  and  its 
rejection  wholly  at  another  absolute  temperature  Wg,  Consequently^ 
in  such  an  engine,  the  change  between  those  two  limiting  tempera- 
tures must  be  made  entirely  by  compression  and  expansion  of  the 
fluid.  In  fig.  100,  let  A  B  be  part  of  the  iso- 
thermal line  of  r,,  D  C  part  of  that  of  r-;  and  let 
A  D  M,  B  C  N,  be  a  pair  of  adiabatic  lines,  cor- 
responding respectively  to  any  two  thermodyna- 
mic functions  ^.,  ^»,  and  produced  indefinitely 
towards  X.  Then  will  A  B  C  D  be  the  diagram 
of  an  elementary  heat  engine  receiving  heat  at 
the  absolute  temperature  r^,  and  rejecting  heat 
at  To.  The  action  of  such  an  engine,  during  one 
-..    -^Q  stroke,  consists  of  four  operations,  represented 

'«•  *""•  by  the  four  sides  of  the  figure  A  B  C  D,   aa 

follows : — 

A  B,  expansion  of  the  fluid  at  the  higher  limit  of  temperature  r^ ; 
B  C,  ftuther  expansion,  without  reception  or  emission  of  heat^ 
till  the  temperature  falls  to  r. ; 

C  D,  compression  of  the  fluid,  at  the  lower  limit  of  tempera- 
ture T^l 
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D  A,  farther  compression,  without  reception  or  emission  of  heat^ 
till  the  temperature  rises  again  to  r^. 

The  heat  received  by  the  fluid  from  the  furnace,  at  each  stroke, 
during  the  process  A  B,  is  r^  (^^  -  ^«)  =  Hj,  and  is  represented  by 
the  indefinitely  produced  area  M  A  B  N.  The  heat  rejected  at 
each  stroke,  duiing  the  process  C  D,  and  abstracted  by  some  refri- 
gerating substance  (such  as  the  jet  of  cold  water  in  the  condenser 
of  a  steam  engine)  is  r^  (^^  -  ^^)  =  Hg,  and  is  represented  by  the 
indefinitely-produced  area  M  D  C  N.  The  heat  permanently  trans- 
formed into  mechanical  energy  at  each  stroke  is  represented  by  the 
area  ABCD 

=  Hi-H,  =  (c,-.,)(^,.(P.) (I.) 

Consequently  the  efficiency  ofUve  engine  is 


Hj      ~     <i     "■Ti  + 461-2 ^"'^ 


The  last  equation  expresses  the  law  of  the  efficiency  of  elementa/ry 
thermodynamic  engines,  viz. : — that  the  heoit  tramaformed  into  mecJuir 
nical  energy  is  to  the  whole  heat  received  by  the  fluid  as  the  range  oj 
temperature  is  to  the  absolute  temperature  ai  which  heat  is  received. 

266.     BMclMicy  •€  the  Plaid  In   Heat   £■«!■•■  !■  GeneraL— Let 

the  closed  line  Aa6BcciAbe  the  diagram  of  any  thermodynamio 
engin&  Draw  a  pair  of  adiabatic  lines  A  M,  B  N,  touching  the 
closed  libe  in  A  B,  respectiyely,  and  indefinitely 
produced  in  the  direction  of  O  X.  Then  through- 
out the  process  represented  by  the  part  A  a  5  B  of 
the  diagram,  the   flidd  is  receiving  heat,    and 

throaghout  the  process  represented  by  the  part 

BciiA,  is  rejectiug  heat.    Cut  an  indefinitely  nar- 
row band  from  the  diagram  by  any  pair  of  indefi-   -      p*    mi 
nitely-close  adiabatic  lines  adm,bc7i,  correspond-  ^' 

ing  to  the  thermodynamio  functions  9,  ^  +  d^y  respectively ;  and 
let  the  absolute  temperatures  con'esponding  to  the  elements  ab,  cdy 
be  r^,  rj,  respectively.  Then,  treating  the  band  abed  as  the  dia- 
gram of  an  elementaiy  engine,  we  End  (expressing  quantities  of 
heat  in  foot-pounds). 

Heat  received  during  the  process  ab  =  indefinitely-produced  area 

mabnzsdlH.^ss'r^d^; 
Heat  rejected  during  the  process  c  cj  =  indefinitely-produced  area 

mden=zdlH^s=r2d^; 
Heat  transformed  into  mechanical  energy  =  area  abcdss  dB.^ 

-rfH,=  (rj-rj)rf^. 
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Consequently,  whole  heat  received  by  the  fluid, 

=  areaMAa5BN  =  Hi=  f^*  r^d^ (I.) 

Whole  heat  rejected, 

=  areaMAcicBN  =  H2»  f^'   r^d^ (2.) 

J    f  A 

Heat  transformed  into  mechanical  energy, 

=  U  =  area  A  a  6  B  c  rf  A  =  Hi -Hj 

-  f{p-r^)dv=  f  {v-f^dp=  f^^Jr,^T^)d(P (3.) 

Efficiency  of  the  engine 

_U_H,-H,_    /7/-i-»>'^* 
Hi  Hj ^ ^*' 


c- 


d^ 


267.  HcM  BHsiBe  of  ifiaxtMBH  EMetoiicT. — Betw&en  given  limit4 
of  temperatturey  the  efficiency  of  a  thermodynamic  engine  is  the 
greatest  possible,  when  the  whole  reception  of  heat  takes  place  at 
the  higher  limit,  and  the  whole  rejection  of  heat  at  the  lower;  that 
is  to  say,  when  the  engine  is  an  elementary  engine;  and  the  effi- 
ciency  of  the  fluid  in  such  an  engine  is  independent  of  the  nature 
of  the  fluid  employed 

268.  Heat  Ec«noatiMr,  mr  BegeaenUMr. — To  fulfil  strictly  the 
above  condition  of  maximum  efficiency  between  given  limits  of 
temperature,  the  elevation  of  the  temperature  of  the  fluid  must  be 
performed  wholly  by  compression,  and  the  depression  of  its  tem- 
perature wholly  by  expansion;  operations  which  are  in  many  cases 
impracticable,  from  the  great  bulk  of  cylinders  which  their  per- 
formance would  require. 

This  difficulty  is  almost  entirely  avoided  by  the  following  process 
for  producing  alternate  elevation  and  depression  of  temperature 
with  a  small  expenditure  of  heat,  invented  about  the  year  1816  by 
the  Rev.  Dr.  Robert  Stirling,  and  subsequently  improved  and 
modified  by  Mr.  James  Stirling,  Captain  Ericsson,  Mr.  Siemens, 
and  others. 

The  fluid  whose  temperature  is  to  be  lowered  is  passed  through 
the  interstices  of  an  appatutus  caUed  an  economizer  or  regenerator , 
formed  by  a  number  of  thin  plates  of  metal  or  other  solid  conduct- 
ing  substance,  or  by  a  network  of  wires,  exposing  a  great  surfieu^ 
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within  a  small  space.  The  material  of  the  economizer  becomes 
heated  by  the  cooling  of  the  fluid  When  the  temperature  of  the 
fltdd  is  again  to  be  raised,  it  is  passed  through  the  interstices  of  the 
economizer  in  the  ccmtrary  direction,  and  the  heat  which  it  had 
previously  given  out  is  in  part  restored  to  it. 

It  is  impossible  to  perform  this  process  absolutely  without  waste 
of  heat.  In  some  experiments  by  Mr.  Siemens,  on  air,  the  waste 
of  heat  at  each  stroke  appears  to  have  been  about  one-twentieth 
part  of  the  heat  alternately  abstracted  from  and  restored  to  the 
air;  and  in  the  air  engines  of  the  ship  "Ericsson,"  about  one- 
tentlu 

269.  ia«diaiMiflc  lilaes. — One  condition  of  the  economical  work- 
ing of  the  economizer  is,  that  the  quantity  of  heat  given  out  by  the 
fluid  during  any  given  stage  of  the  lowering  of    ^ 
its  temperature  shall  be  equal  to  the  quantity 
received  by  it  during  the  corresponding  stage  of 
the  raising  of  its  temperature.     This  condition  is 
realized  in  the  following  maimer: — 

Let  E  F  be  an  arbitrary  line  representing  the    . 
mode  of  variation  of  the  pressure  and  volume  of   y_ 


the  fluid  during  the  lowering  of  its  temperature.  Fur  102 

Liet  G  H  be  the  corresponding  line  for  the  raising  *' 

of  the  temperature  of  the  fluid.     Let  K  L,  M  N,  be  any  pair  of 

isothermal  lines,  intersecting  G  H  in  A  and  D,  and  E  F  in  B  and 

C,  respectively.     Let  ^a,  ^  ^o.  f  d,  be  the  thermodynamic  functions 

for  these  four  points.    Then  if,  for  every  possible  pair  of  isothermal 

Unes, 

^.  —  f A  =  ^0  —  ^D. 

the  lines  E  F  and  G  H  have  the  required  property,  and  are  said  to. 
be  isodiabatic  with  respect  to  each  other. 

Section  4. — Of  (he  Efficiency  of  Air  Enginea,*^ 

270.  ThcrsMii  litaM  for  Air. — The  ease  with  which  air  is  obtained 
in  any  quantity,  and  its  safety  from  explosion  at  high  temperatures, 
have  induced  many  inventors  to  devise  engines  in  which  it  is  the 
working  fluid. 

Very  few,  however,  of  those  engines  have  been  brought  into 
practical  operation,  owing  chiefly  to  the  difficulty  of  obtaining  a 
sufficiently  rapid  convection  of  heat  to  and  from  the  mass  of  air 
employed,  and  to  the  necessity  for  using  a  more  bulky  cylinder 
than  is  required  for  a  steam  engine  of  the  same  power,  and  with 
the  same  maximum  pressure. 

The  efficiency  of  air  engines  is  here  treated  of  before  that  ol 

*  For  the  lAteflt  deTelopment  of  this  subject,  see  Section  on  (7a«,  (Hi,  and  Air  Engine$,  by- 
Bry^n  Donkia  M.Iiut.C.EL.  *t  end  of  this  7010010. 
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steam  engines,  because  of  the  greater  simplicity  of  its  mathematical 
principles. 

In  such  investigations  as  the  present,  air  may  without  sensible 
en'or  be  treated  as  a  perfect  gas. 

Each  isoiherrnal  line  for  a  perfect  gas  is  a  common  rectangular 
hyperbola^  whose  asymptotes  are  O  X,  O  Y,  its  equations  being 

P^=PoH'  - (M 

For  air,  p^  t?0  -^  r©  =  5315 

foot-pounds  per  degree  of  Fahrenheit 

Each  adiahcUic  line  for  a  perfect  gas  is  a  curve  of  the  hyperbolic 
kind,  having  O  X,  O  Y,  for  asymptotes,  its  equation  being 

f 
pv^  =  e**  =  constant.. (2.) 

y  for  air  =  1  '4:08. 
3ee  Article  251. 

Each  pair  qfisodiabcUic  lines  for  a  perfect  gas  are  so  related  to 
each  other,  that  if  v,  v',  be  the  abscissas  of  the  points  of  intersection 
of  these  two  lines  respectively,  with  one  and  the  same  isothermAl 
line,  the  ratio  v :  t/  is  a  constant  quantity  for  all  isothermal  lines. 
The  same  is  the  case  with  the  ratio  p :  p'.  It  follows  from  this,  that 
all  straight  lines  of  constant  volume,  parallel  to  O  Y,  are  mutually 
isodiabatic  (which  is  equivalent  to  saying  that  the  specific  heat  at 
constant  volume  is  constant),  and  also  that  all  straight  lines  of 
constant  pressure,  parallel  to  O  X,  are  mutually  isodiabatic  (which 
is  equivalent  to  saying  that  the  specific  heat  under  constant  pres- 
sure is  constant).     See  Article  250. 

271.  Therm^dTiuuMic  Fniicii«M  fw  Air. — ^When  the  two  fonns 
of  the  thermodynamic  function,  given  respectively  in  Article  246, 
and  in  Article  248,  viz., 


and 


^  =  ft  hyp  log  r  +  j  —^  c?i?; 
^=(fe+?^)hyplog.-/^-^cip; 


are  applied  to  a  perfect  gas,  it  is  to  be  observed  (as  already  stated 
in  Article  251),  that  for  a  substance  in  that  condition, 

d  r        r  T^        V  ' 
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dv  _V  _  Po  Vq  .  1  . 
dr         r  Tq        p' 

and  also,  as  has  been  shown  in  Article  250,  that 

(y-l)'o  '0  '     (y-l)'o 

These  values  being  introduced  under  the  signs  of  integration,  give 
the  following  results : — 

^^Pov,  ^h^JSgl  +  hyp  Jog  ^)  +  eonstant (1.) 

^^P^  ^y^7?_Hr  _  hyp  log  p)  +  ^„3t^t^ (2.) 

In  these  fonnulse,  the  value  assigned  to  the  arbitrary  constant 
introduced  by  integration  is  immaterial;  because  the  differences 
between  thermodynamic  functions  have  alone  to  be  considered  in 
any  problem;  and  from  them  the  arbitrary  constant  disappears. 

The  values  of  the  co-efficients  in  the  above  formulae,  for  air, 
though  they  have  already  been  given  in  Article  251,  may  here,  for 
the  sake  of  convenience,  be  repeated 


—i^  =  2-451;  -^  =3-451; 
y  -  1  y  -  1 

?^  =  53-15  foot-lba  per  d^ree  of  Fahrenheit 


.(3.) 


...(4.) 


In  using  the  formulse  1  and  2  with  tables  of  comTnan,  instead  of 
hyperbolic  logarithms,  it  is  to  be  observed  that 

hyp  log  n  =  com  log  n  x  hyp  log  10; 

hyp  log  10  =  2-a026  nearly; 

^^  X  hyp  log  10  =  53-15  x  23026  =  122-38 

foot-lb&  per  degree  of  Fahrenheit 

272.  Perfect  Air  EiiflBe,  withent  BegcHenitMr. — Fig.  100  (Article 
265)  may  be  taken  to  represent  the  diagram  of  the  energy  exerted 
by  one  pound  of  air  during  one  stroke  of  an  engine  of  this  class. 

Let  T^  and  r^  be  the  absolute  temperatures  of  receiving  and 
rejecting  heat  respectively. 

Then  A  B  is  part  of  a  common  hyperbola,  the  isothermal  curve 
of  «-| ;  and  its  equation  is 
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p  t;  =  ?^  '  r,  =  5315  T    (1.) 

0  D  is  part  of  a  common  hyperbola,  the  isothermal  curve  of «-«; 
and  its  equation  is 


P 


v  =  ^^'r^  =  5S'l5T^ (2.) 


'^o 


B  C  and  D  A  are  portions  of  adiabatic  curves,  whose  equations 
are  of  the  form  given  in  Article  270,  equation  2. 
Let 

Pm9  Ph9  Pn  Pd» 

«•>  <?»>  v«>  '04* 

denote  respectively  the  pressures  in  lbs.  on  the  square  foot,  and  the 
volumes  in  cubic  feet,  of  one  lb.  of  air,  corresponding  to  the  four 
angles  of  the  diagram,  A,  B,  C,  D.  Then  the  proportions  of  those 
quantities  are  regulated  by  the  following  formule : — 

^-  =  ^=^  =  *^=r; (3.) 

Pt        V,       p,         Vi  '  ^     ' 

P4      P,       V'l/  V'-s/  ^    ^ 

En  equation  3,  r  denotes  the  ratio  of  expansion  and  compression 
of  ike  air  at  constat  temperature,  which  is  arbitrary,  and  is  to  be 
fixed  by  considerations  of  convenience. 

If  a  certain  quantity  of  air  is  confined  within  the  engine,  and 
used  over  and  over  again  to  drive  the  piston,  the  absolute  values  of 
the  pressures  and  volumes  whose  ratios  are  given  in  equations  3, 4, 
and  5,  ai'e  arbitrary  also.  But  if  the  air  is  wholly  or  partly  dis- 
charged at  each  stroke,  and  a  fresh  supply  of  air  taken  in  from  the 
atmosphere,  the  minimum  pressure  p„  maximum  volume  v^  of  one 
lb.  of  air,  and  temperature  of  rejection  of  heat  r^  =  j9,  i?,  -5-  53*15, 
are  fixed,  being  those  of  the  external  air.  If  the  temperature  r^  of 
receiving  heat  is  also  fixed,  then  the  pressure  and  volume  p^  v^ 
are  fixed  by  the  formulae 

l>.=i>.(4)       i-^  =  v.{y)       ; (6.) 

80  that  nothing  remains  arbitraiy  except  the  ratio  r,  of  expansioD 
and  compression  at  constant  temperature,  which  having  been  fixed 
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according  to  conyenience,  fixes  the  other  limits  of  pressure  and 
yolume,  viz., 

Let  0^  0^  be  the  thermodynamic  functions  proper  to  the  curves 
AD,  B  C,  respectively.  Then  according  to  Article  271,  equations 
1,  3,  and  4,  the  difference  of  those  functions  is 


f»-  ^«  =  ^*(hyp  log  r*  -  hyp  log  r.) 


.(8.) 


=  5315  hyp  log  r 
s  122-38  com  log  r 

being  a  function  of  the  ratio  of  expansion  ai  constant  temperatnrt 
alone. 

Introducing  this  value  into  the  general  equations  of  Article  265, 
we  find  the  following  results : — 

Whole  eocpenditure  of  heat  in  foot-pounds  of  energy,  per  pound  oj 
air  per  stn^ — 

Hj  =  Tj(^^-  (P.)  =  53-15  Tj  •  hyp  log  r  =  122-38  Tj  •  com  logr;...(9.) 

Heat  rejected  amd  abstracted  hy  refrigerating  apparatus — 

H2  =  T2(^^-^.)  =  53-15  r2-hyplogr  =  122-38  Tg- com logr;...(10.) 

Mechanical  energy  exerted  on  piston — 

U  =  H,-H2  =  (ri-r^(^»-(P.)  =  5315(ri-r2)hyplogr 

=  122-38  (ri-Tg)  com  log  r (11.) 

Efficiency  of  fluid  (as  in  the  general  case) — 

W='^ (12.) 

If  it  were  possible  to  perform  the  whole  cycle  of  operations  on 
the  air  in  one  cylinder,  the  space  to  he  swept  through  by  the  piston, 
per  pound  of  air  per  stroke,  would  be  the  difference  between  the 
greatest  and  least  volumes  of  a  pound  of  air;  that  is  to  say, 

™-{'-K::r}^ <"> 
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and  the  mean  effective  presswre  would  be 

U       P.(7;-l)typlogr 


V,-V.  1     /.r.N»-45l 


MJf) 


.(U.) 


There  may,  on  the  other  hand,  be  a  compressing  pump  as  well 
as  a  working  cylinder,  the  air  being  supplied  to  the  pump  at 
the  pressure  and  volume  p„  v^ ;  compressed  at  the  constant  absolute 
temperature  r^  to  the  pressure  and  volume  p^,  v^]  compressed  with 
elevation  of  temperature  to  p^,  v^ ;  then  transferred  to  the  working 
cylinder,  and  expanded  at  the  constant  absolute  temperature  ^^,  to 
the  pressure  and  volume  je>»,  v^]  then  expanded  with  depression  of 
temperature  back  again  to  p„  v^\  and  then  discharged  In  this 
case  the  compressing  pump  and  working  cylinder  must  be  of  equal 
size;  and  the  piston  of  each  of  them  must  sweep  simply  through 
the  maximum  volume 

V. (15.) 

per  pound  of  air  per  stroke,  giving  for  the  mean  effective  pressiu'e 

^  =  p.(f;-i)hypio«'- (  !«•) 

When  the  engine  takes  its  periodical  supply  from  the  external 
air,  p^  is  the  atmospheric  pressure. 

It  is  often  convenient  to  express  the  expenditure  of  heat  in  foot- 
pounds per  cubic  foot  swept  through;  that  is,  to  state  a  pressure  in 
pounds  on  the  square  foot,  which,  acting  on  the  piston,  would 
exert  energy  equivalent  to  the  heat  expended.  This  is  given  by 
the  formula 

-^^oA (17.) 


v^  -  r.       V, 

as  the  case  may  be. 

The  following  is  a  numerical  example  :— 

Data. 

Ratio  of  expansion,  r  =  2. 

j9,  =  2116-4  lbs.  on  the  square  foot 

Temperatures  on  the  ordinai-y  scale,  T^  =  650°  F,     Tj  =  150^  F 
Absolute  temperatures^ ^-^  =  1111*2      «-£  =  611'2. 
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Results 

fi'O.'l  K 

r,  =  ^  =  15-35  cubic  feet  per  lb. 

Then  by  equation  8 — 

Thermodynamic  function  f *  -  f .  =  122-38  x  '30103  =  36-84. 

By  the  formula  (6) — 

p^  =  16656;  v^  =  3-546. 
By  the  formula  (7)— 

;,.  =  2i>,  =  33312;  t;.  =  I*  =  1-773; 

P4  =  2p,=  4232-8;  Vd  =  J  =  7-675; 

By  equations  9,  10,  11 — 

Foot-lba. 
^1  =  5r!Lexpended  per  lb.  air  )  ^^^^.^       33.3^  ^  ^^  ^37 

per  stroke, j  ' 

Hj  =  heat  rejected, 611-2  x  36-84  =  22,517 

U  =  energy  exerted  on  piston,....      500  x  36-84  =  18,420 

By  equation  12 — 

Efficiency  of  fluid =  r==r  =  YTrm  =  ^'^^ 

xl|        1 1 1 1  'J 

For  one  cylinder  acting  as  compressing   pump  and  working 
cylinder,  by  formulsB  13,  14— 

Space  swept  through  per  lb.  air  per  stroke — 

r^  -  r.  =  13-58  cubic  feet. 

Heat  expended  per  cubic  foot  swept  through — 

-r-r-TQ  =  3014  Iba  on  the  square  foot. 

Mean  effective  pressure — 

^  ^Q  =  1356  Iba  on  the  square  foot  =  9-42  lbs.  on  the  square  inch. 

For  separate  compressing  pump  and  working  cylinder,  by  for- 
mula 15,  16— (See  pages  550  and  568.) 

2a 
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Space  swept  through  by  each  piston  per  lb.  air  per  stroke^ 

v^  =  15-35  cubic  feet 

Heat  expended  per  cubic  foot  swept  through — 

40937 

— — --  s  2666  Iba  on  the  square  foot. 

Mean  effective  pressure — 

18420 
15-35 


1200  lb&  on  the  square  foot  =  8*33  lbs.  on  the  square  inch. 


This  last  result  illustrates  one  of  the  practical  difficulties  attend- 
ing the  use  of  air  engines  in  which  the  changes  of  temperature  are 
to  be  effected  by  means  of  changes  of  volume,  viz.,  the  smallness  of 
the  mean  effec  ive  pressure  compared  with  the  maximum  pressure, 
and  the  consequ  'nt  great  bulk  and  strength  required  for  an  engine 
of  a  given  power.  In  the  supposed  example,  the  excess  of  the 
maximum  pressure,  />«,  above  tliat  of  the  atmosphere,  is 

33313  -  2116  =  31196  Iba  on  the  square  foot 

=  216-6  lbs.  on  the  square  inch; 

and  the  strength  of  the  cylinder,  and  of  other  parts  of  the  engine, 
must  be  adapted  to  sustain  this  great  pressure,  of  which  the  mean 
effective  pressure  is  only  about  one  twenty-sixth  part 

The  better  to  iUustrate  the  bulk  required  for  the  engine,  on  the 
supposition  of  there  being  a  sepai-ate  compressing  pump  and  work- 
ing cylinder,  it  may  be  observed,  that  the  volume  to  be  swept 
through  by  die  piston  in  its  effective  strokes  per  minuU,  to  give  on$ 
indicated  horeepovoery  would  be 

33000      ^^.      ,.    .   ^ 
1200  "^    ^  ^ 


273.  Perfect  Air  KaglMa  with  W^emtmmrm,  to  CImmtwI. — Fig. 
102,  Article  269,  may  be  taken  to  represent  the  general  case  of  the 
diagram  of  an  engine  of  this  clas&  A  B,  D  C,  are  portions  of  two 
isothermal  lines,  being  common  hyperbolas;  A  D,  B  C,  are  portions 
of  a  pair  of  isodiabatic  lines,  of  any  figure  whatsoever,  but  con- 
nected together  by  the  condition  explained  in  Article  270. 

The  structure  of  a  regenerator,  or  heat  economizer,  has  already 
been  explained  in  Article  26S, 

The  operations  undergone  by  the  working  mass  of  air  ara 
represented  in  the  diagram  as  follows: — 
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C  D  represents  the  compression  of  the  air,  at  the  lower  limit  of 
absolute  temperature  ^-^  Uie  heat  produced  by  the  compression 
being  abstracted  by  a  refrigerating  apparatus  of  some  kind. 

D  A  represents  the  series  of  changes  of  pressui*e  and  volume 
imdergone  by  the  air  in  passing  through  the  grating  or  network  of 
the  regenerator;  which  having  been  previously  heated,  gives  out 
enough  of  heat  to  the  air  to  raise  it  to  the  higher  limit  of  absolute 
temperature  t^. 

A  B  represents  the  expansion  of  the  air  at  the  absolute  tempera- 
ture r^. 

B  C  represents  the  series  of  changes  of  pressure  and  volume 
undergone  by  the  air  in  passing  back  again  through  the  grating  or 
network  of  the  regenerator,  to  the  material  of  which  apparatus  it 
gives  out  so  much  heat  as  to  lower  its  own  absolute  temperature 
back  to  Tjj  and  that  heat  remains  Q]tored  in  the  regenerator  until 
employed  to  raise  the  temperature  of  the  air  at  the  next  stroke. 

By  thus  storing  and  restoring  a  certain  quantity  of  heat,  the 
alternate  lowering  and  raising  of  the  temperature  of  the  air  is 
effected  without  the  expenditure  for  that  purpose  of  any  heat  from 
the  furnace,  except  such  as  is  required  to  supply  the  waste  of  heat 
that  occurs  in  the  regenerator;  that  waste,  according  to  experi- 
ment, being  from  one-tenth  to  <me-twentieth  of  the  whole  quantity  of 
heat  required  to  raise  the  temperature  of  the  air  at  each  stroke; 
which  quantity  of  heat,  per  pound  qf  air,  has  the  following  value 
17^  foot-pounds : — 

130-3  {r^-r^:=^  j  pd  »; (1.) 

in  which  j  pdv  denotes  the  area  between  one  of  the  isodiabatio 
lines  (as  A  D),  and  the  ordinates  let  fall  from  its  ends  perpendicular 
to  O  X;  and  that  area  is  to  be  I  g^^^^j  |  according  as  |  ^  | 

is  the  farther  fit)m  O  Y. 

SFor  an  adiabatic  line,  the  expression  1  becomes  =  0). 
[n  the  air  engines  which  have  been  used  in  pi-actice,  the  weight 
o/mcUerial  in  the  regenerator  appears  to  have  been  aboiU  forty  times 
Die  ujeight  qfthe  air  passed  through  it  cU  one  stroke. 

The  formulse  for  the  relations  amongst  the  pressures,  volumes, 
and  temperatures,  for  the  expenditure  of  heat  in  expanding  the  air, 
the  energy  exerted  per  lb.  of  air  per  stroke,  and  the  efficiency,  are 
the  same  with  those  in  the  last  Article,  except  that  the  ratio, 

Pf  ^P^  ^li  .'^  ^  n  .??^ (2.) 

which  in  an  engine  without  a  regenerator  is  fixed  by  equation  4  of 


354 


8TEAM   AND   OTHER   HEAT   ENGINES. 


Article  272,  becomes  arbitrary  in  an  engine  with  a  regenerfttor. 
Hence  all  the  equations  of  Article  272  hold  in  the  present  case, 
except  4  and  its  consequences,  viz.,  5,  6,  13,  and  14;  instead  of 
which  we  have  simply  the  relations  given  in  the  formula  2  of  the 
present  Article. 

The  volume  swept  through  by  the  piston  per  pound  of  air  at  each 
stroke  cannot  be  less  than  the  difference  between  the  greatest  and 
least  volumes  of  the  air,  and  may  be  greater  to  an  extent  depending 
on  the  structure  and  mode  of  working  of  the  particular  engine. 

Particular  cases  of  that  structure  and  mode  of  working  will  be 
considered  in  subsequent  Articles;  meanwhile  the  dia^ms  of 
energy  of  two  of  the  more  important  cases  are  presented  at  one 
view  in  fig.  103. 

In  that  figure,  A  B  A'  B'  is  the  isothermal  line  of  the  higher 
limit  of  temperature,  and  IXO  DC  that  of  the  lower.     A  D,  B  C, 


Fig.  108. 

are  a  pair  of  adiabatic  curves,  so  that  A  B  C  D  is  a  diagram  for  the 
case  already  considered  in  Article  272.  D  A',  C  K,  are  a  pair  of 
straight  lines,  each  corresponding  to  a  constant  pressure ;  so  that 
A'  B'  C  D  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  pressures.  A  D\  B  C,  are  a 
pair  of  straiffht  lines,  each  corresponding  to  a  constant  volume;  so 
that  A  B  CD'  is  the  diagram  of  an  engine  in  which  the  changes  of 
temperature  take  place  at  constant  volumes. 

274.  Teatpcnuare  ChaMged  at  Caaatwit  PreMare  —  Brie— a*ii 
■aciaa. — To  illustrate  the  structure  of  enmies  whose  diagrams 
approximate  more  or  less  closely  to  A'  B'  C  D  in  fig.  103,  a  sketch 
of  the  principal  parts  of  Captain  Ericsson's  air  engine  (as  used 
about  the  year  1852)  is  given  in  fig.  104,  which  is  a  vertical  section 
of  a  single  acting  land  engine  of  that  kind. 

B  is  the  working  cylinder,  placed  over  the  furnace  H.     This 
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Fig.  104. 


cylinder  consists  of  two  parts ;  the  upper  part,  accurately  turned, 
in  which  the  piston  works,  and  the  lower  part,  less  accurately 
made,  and  of  somewhat  larger 
diameter,  in  which  the  air  re- 
ceives heat  from  the  furnace. 

A  is  the  piston  of  that  cylin- 
der, consisting  of  two  parts.  The 
upper  part  is  accurately  fitted, 
and  provided  with  metallic  pack- 
ing, so  as  to  work  air-tight  in  the 
upper  part  of  the  cylinder.  The 
lower  part  is  made  of  the  same 
shape  with  the  lower  part  of  the 
cylinder,  but  of  less  dimensions, 
so  as  nearly  to  fit  the  cylinder, 
but  without  touching  it  This 
lower  part  is  hollow,  and  is 
filled  with  brick  dust,  fragments 
of  fire  clay,  or  some  such  slow 
conductor  of  heat  The  object  of  this  is  to  resist  the  transmission 
of  heat  to  the  upper  parts  of  the  cylinder  and  piston,  and  especially 
to  the  packing,  in  onier  that  the  bearing  surfaces  of  the  cylinder 
and  packing  may  be  kept  cool.  The  cover  of  the  cylinder  B  has 
holes  in  it  marked  a,  to  admit  the  external  air  to  the  space  above 
the  piston. 

D  is  the  compressing  pump,  being  a  cylinder  standing  on  the 
cover  of  the  working  cylinder.  C  is  the  piston  of  the  compressing 
pump,  connected  with  the  piston  A  by  three  or  by  four  piston  rods, 
of  which  two  are  shown,  and  marked  d.  The  space  below  the 
piston  C,  and  above  the  piston  A,  forms  one  continuous  cavity, 
communicating  finely  with  the  external  air  through  the  holes  a. 
E  is  the  iq>per  piston  rod,  by  which  the  pistons  C  and  A  are  con- 
nected wi^  the  mechanism.  That  rod  traverses  a  stuffing  box  in 
the  cover  of  the  compressing  pump. 

The  compression  of  the  air  takes  place  in  the  upper  part  of  the 
compressing  pump.  The  air  enters  through  the  admission  clack  c, 
is  next  compressed,  and  is  then  forced  through  the  discharge  clack  e 
into  a  receiver  or  magazine  of  compressed  air,  F. 

G  is  the  regenerator,  being  a  box  containing  several  layers  of 
wire  gauze,  which  are  traversed  by  the  air  when  it  enters  and  leaves 
the  working  cylinder. 

h  is  the  induction  valve,  and/ the  eduction  valve,  both  worked 
by  the  mechanism  of  the  engine.  When  b  ia  opened,  air  is  admit- 
ted from  the  receiver  F  through  the  regenerator  into  the  cylinder, 
and  lifts  the  piston  A.    After  a  portion  of  the  stroke  has  been  per- 
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fonned,  b  is  shut,  and  the  admission  of  air  cut  off;  the  remainder 
of  the  stroke  of  the  piston  A  is  performed  by  the  expansion  of  the 
air.  During  the  return  stroke,  the  eduction  valve /is  kept  open, 
and  the  air  driven  out  through  the  regenerator,  and  through  the 
exhaust  pii)e  g,  into  the  atmosphere. 

The  ratio  of  the  sizes  of  the  compressing  pump,. and  of  the  work- 
ing cylinder,  ought  to  be  that  of  the  absolute  temperatures  of 
receiving  and  rejecting  heat;  that  is, 

compressing  pump  _  Tj  ... 

working  cylinder  ""  t^ ^ 

As  the  lengths  of  their  strokes  are  the  same,  the  above  ratio  is 
that  of  the  areas  of  their  pistons. 

Referring  back  to  fig.  103  in  the  last  Article,  the  diagram 
A'  B'  C  D  may  be  taken  to  represent  the  action  of  one  lb.  of  air 
during  one  stroke  in  this  engine,  when  the  conditions  of  maximum 
efficiency  between  given  limits  of  temperature  are  fulfilled.  Pro- 
duce A'D  to  E,andB'CtoF.  Then  E  D  C  F  is  the  diagram  of 
the  compressing  pump,  and  E  A'  B'  F  the  diagram  of  the  working 
cylinder.  F  C  represents  the  admission  of  the  air  from  the  atmo- 
sphere into  the  compressing  pump  at  the  atmospheric  pressure  p« ; 
C  D  its  compression  in  that  pump  at  the  constant  alraolute  tem- 
perature Tg,  until  its  pressure  is  raised  to  p^,  the  heat  produced  by 
the  compression  being  dissipated  by  conduction,  or  taken  away  by 
some  refrigerating  apparatus.  Owing  to  the  elevation  of  tempera- 
ture required  in  order  to  cause  this  heat  to  be  given  out  as  rapidly 
as  it  is  produced,  r^  is  always  higher  than  the  temperature  of  the 
external  air,  but  to  what  extent  is  uncertain. 

D  E  represents  the  expulsion  of  the  air  from  the  compressing 
pump  into  the  receiver. 

E  A',  the  admission  of  the  air  into  the  working  cylinder,  when, 
by  its  passage  through  the  regenerator,  its  absolute  temperature  is 
raised  to  «-^,  and  its  volume  increased  from  v^  to  v^. 

In  order  that  the  operations  represented  by  D  E  and  E  A'  may 
be  performed  without  any  sensible  falling  off  in  the  pressure,  the 
engine  ought  to  be  trij^e,  or  still  better,  qtiadruple  (like  that  which 
was  tried  in  the  steamer  "  Ericsson"),  consisting,  in  the  latter  case, 
of  a  set  of  four  cylinders,  each  with  its  own  compressing  pump,  all 
driving  the  same  shaft,  and  communicating  with  the  same  receiver, 
and  making  their  strokes  in  succession  at  intervals  of  a  quarter  of 
a  revolution.  This  arrangement  is  desirable  also  in  order  to  obtain 
steady  motion. 

A'  B'  represents  the  expansion  of  the  air  in  the  working  cylinder 
after  its  admission  is  cut  off,  at  the  constant  absolute  temperature 
T^,  until  the  pressure  returns  to  the  atmospheric  pressure.    The  heat 
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required  fofr  this  expansion  is  supplied  by  the  furnace  through  the 
bottom  of  the  cylinder. 

B'  F  represents  the  final  expulsion  of  the  air,  in  the  course  of 
-which  it  traverses  the  regenerator  in  the  reverse  direction,  and 
transfers  to  the  wire  gauze  a  quantity  of  heat  which  is  used  at  the 
next  stroke  to  raise  t£e  temperature  of  the  next  mass  of  air. 

The  following  are  the  formuLe  appropriate  to  this  class  of 
engines: — 

Data. 

v-j,  temperature  at  which  heat  is  received  by  the  air  from  the 
fnrnace,  and  the  air  expanded. 

.«-2y  temperature  at  which  the  air  is  compressed,  and  heat  ab- 
stracted. 

p„  atmospheric  pressure,  if  the  engine  draws  its  air  directly 
from,  and  discharges  its  air  directly  into  the  atmosphere,  as  in  the 
engine  just  described 

r,  ratio  of  expansion  at  constant  temperature. 

Results, 

all  of  which  have  reference  to  one  stroke  of  (me  pound  o/mr,  pres* 
sores  in  pounds  on  the  square  foot,  and  volumes  in  cubic  feet — 


Presswresy 


^•  =  ^'^       I (2.) 


.(3.) 


rokimeg,  V.  =  — - — ? ; 

P. 

«•-  53*15  r- 

„^  =  -^  V.  =  — ~-i 

'•2  P» 

ITtermodynamicJvnction,  as  in  Article  272 — 

^»  -  0,  =  53-15  hyp  log  r  =  122-38  com  log  r (4.) 

Expenditfwre  ofhecut  in  expcmding  the  air,  as  in  Article  272 — 

Hi  =  122-38  ri  com  logr (5.) 

ffecU  r^ected  during  the  compression  of  the  akr — 

Hg  =  122-38  Tj  com  log  r <6.) 

Mechamcal  energy,  as  in  Article  272 — 

U  =  122-38  (tj  -  Tg)  com  log  r (7.) 
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Efficiency,  supposing  no  heat  uxuted,  as  in  Article  272 — 

^  =  '-^' (^) 

Heat  stored  and  restored  by  regeTierator,  in  foot-lbs. — 

K,  (-1  -r^)  =  183-45  (r,  -  ^ (9.) 

If,  according  to  Mr.  Siemens's  experiments,  one-twentieth  of  this 
quantity  of  heat  is  wasted,  the  efficiency  will  be  diminished  to 

Hi  +  917(.i-^ ^^^-^ 

But  from  experiments  made  by  Professor  Norton  on  the  ship 
"  Ericsson,"  it  seems  probable  that  the  waste  in  the  regenerator 
was  more  nearly  one^tenth  than  one-twentieth  of  the  heat  stored ; 
and  in  that  case  we  have  for  the  diminished  efficiency 

H,  +  18-35  (r,  -  r,) ^^^  ^^ 

Vohume  swept  through  by  the  piston  A,  per  pound  of  air  pet 
stroke— 

=n (11) 

Mean  ^ective  presswre^  per  unit  of  area  of  the  piston  A — 

~  =  ;?.  •  -1  "■  '2  -hyp  logr  =  2-3026/),  •  -^i^^  com  log  r...  (12.) 

Heat  expended  per  cubic  foot  swept  through,  not  including  waste^- 

—!-=/>,  hyp  log  r  =  2-3026  p^  com  log  r. (13.) 

The  same,  with  the  addition  of  the  supposed  waste  from  the 
regenerator— 

H,  +  mK,(Ti-r^ 

=  ;;Y2-3026  com  log  r+ 3-451  mi^) (14.) 

m  is  the  fraction  which  is  wasted  of  the  whole  heat  stored  by  the 
i-egenerator,  being  from  one-tenth  to  one-twentieth. 

In  the  following  numerical  example,  the  proportion  of  the 
working  cylinder  to  the  compressing  pump,  v^ :  v.,  and  tiie  ratio  of 
expansion,  t'»  :  v.  =  r,  are  those  of  the  air  engines  of  the  "Ericsson  f 
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bnt  the  temperatures  of  receiving  and  rejecting  heat,  and  the 
atmospheric  pressure,  are  merely  assumed  as  probable.  The  waste 
of  heat  in  the  regenerator  is  assumed  at  one-tenth. 

Data. 
Tjj  =  122^;  T,  =  5830-2; 

;>.  =  2116-4; 
r=l-54;  -^  =  1-5. 

'2 


Pressewres — 


Results. 
p^  =  21164;  ;?^  =p.  =  3259-3. 


Volum/es — 

V,  =  14-65;  t?ft  (greatest  volume)  =  21-97, 

t?^  =  9-51;  t;.=  14-27. 

Thermodyrumdc  function — 

^»  -  (P.  =  122-38  X  0-1875  =  22-95. 

Foot-lbs. 
Lalmt  heal  of  expansion, Hj  =  874*8  x  22-95  =  20077 

IT   *      ^^j.                *                  183-45  X  29r-6        _.^ 
Heat  wasted  by  regeiieralor, ^^ =    5349 


Whole  heat  expend^  per  lb.  of  air  per  stroke, 25426 

Heatr^ected, H2=  583-2  x  22-95       13385 

Mechanical  energy  per  lb.  air  per  stroke — 

U  =  29r-6  X  22-95        6692 
Efficiency  of  fluid,  supposing  no  heat  wasted,  J. 
Efficiency  ofjhiid,  estimating  heat  wasted  as  abov»— 
6692 


=  0-263. 


-         =  305  lbs.  on  the  square  foot  =212  lbs.  on  the  square  incL 


25426 
Mea/n  ^ecAive  preesv/re — 
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The  air  engines  of  the  "  Ericsson  "  had  four  working  cylinders, 
each  of  14  feet  in  diameter,  so  that  the  joint  area  of  ^eir  pistons 
was 

154  X  4  =  616  square  feet 

The  length  of  stroke  was  6  feet ;  the  number  of  revolutions  per 
minute  9;  hence,  according  to  the  above  computation  of  the  mean 
effective  pressure,  the  energy  exerted  by  the  fluid  on  the  piston  ' 

305  X  616  X  6  X  9  =  10,145,520  foot-lbs.  per  minute; 
or  307  indicated  horse-power. 

In  Professor  Norton's  report,  the  indicated  horse-power  )  «q^ 
of  those  engines  is  stated  to  have  been / 

Difference, 7 


Volume  to  he  swept  through  by  the  working  pistaiw  per  indicaied 
horse-power — 

^^    .  =  108  cubic  feet  per  minute; 

by  the  compressing  pistons,  72  cubic  feet  per  minute. 

These  results  show  the  excessive  bulk  of  the  air  engines  of  the 
'^Ericsson"  in  proportion  to  their  power;  being  the  chief  obstacle 
to  their  use  for  marine  propulsion. 

According  to  Professor  Norton,  the  quantity  of  fuel  (anthracite) 
consumed  in  those  engines  per  indicated  horse-power  per  hour,  was 

1-87  lb. 

This  gives,  for  the  duty  of  one  lb.  of  anthracite, 

1,980,000 


1-87 


=  1,059,000  foot-lbs. 


A  probable  estimate  of  the  theoretical  evaporative  power  of  the 
anthracite  used  is  14  lbs.  of  water  evaporated  from  and  at  212°, 
which  gives  for  the  mechanical  equivalent  of  the  total  heat  of  com- 
bustion of  1  lb.  of  the  fuel 

10,440,000  foot-lbs. 

Hence  the  reavUcmit  effi/dmcy  of  the  furnace  and  fluid  appears  to 
have  been 

1,059,000  _oiOU 

10,440,000  =  ^^^^^- 

The  probable  efficiency  of  the  fluid  has  already  been  computed  to 
have  been  0*263;  hence  the  probable  efficiency  of  the  furnace  was 
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0-1014 


0-263 


=  0*4  nearly; 


being  about  equal  to  the  lowest  efficiency  of  steam  boiler  fnmaces. 
The  heating  surface  in  the  engines  of  the  "  Ericsson  "  consisted 
simply  of  the  bottoms  of  the  cylinders,  and  amounted  in  round 
niunbers  to  about  700  square  feet  The  consumption  of  fuel  per 
hour  was  560  lbs.  Employing  these  data  in  equation  2  of  Article 
234,  and  making  B  =  H>  A  =  0*5  (or  taking,  in  the  table  of  page 
295,  the  efficiency  corresponding  to  S  -;-  F  =  1  -25),  we  find  for  the 
efficiency  of  a  steam  bailer /umcice  having  the  same  area  of  heating 
surface,  and  burning  fuel  at  the  same  rate, 

0-71. 

The  difference  between  this  and  0*4  must  be  ascribed  to  the 
great  inferiority  of  air  to  boiling  water,  as  a  medium  for  the  con- 
vection of  heal. 

It  appears  from  the  preceding  calculations,  that  notwithstanding 
the  low  efficiency  of  the  furnace  in  Ericsson's  air  engine,  the  effi- 
ciency of  the  fluid  was  so  great  as  to  give  a  resultant  efficiency 
superior  to  that  of  almost  all  steam  engines  at  the  time  of  the 
experiments  referred  to. 

The  difficulty  arising  from  the  great  bulk  of  the  engine  compai*ed 
with  its  power,  might  be,  and  probably  has  been  already,  obviated 
to  a  certain  extent,  by  making  the  engine  draw  its  supply  of  air 
from,  and  deliver  the  air  from  the  eduction  valve  /  into,  a  second 
receiver  containing  compressed  air  at  a  lower  pressure  than  that  of 
the  air  in  the  receiver  F.  In  this  case,  p^  =/?»  would  denote  the 
pressure  of  the  air  in  the  second  receiver,  exceeding  the  atmo- 
spheric pressure  in  an  arbitrary  ratio ;  p^=zp^  =  rp„  as  before, 
would  denote  the  pressure  in  the  first  receiver  F;  and  the  mean 
effective  pressure  would  be  increased,  and  the  space  to  be  swept 
through  by  the  piston  per  horse-power  per  minute,  and  conse- 
quently the  bulk  6f  the  engine,  would  be  diminished,  in  the  ratio 
oip^  to  the  atmospheric  pressure. 

The  engine,  as  thus  altered,  would  require  to  be  provided  with  a 
small  compressing  feed  pump,  to  draw  from  the  atmosphere  and 
force  into  the  second  receiver  enough  of  air  to  supply  the  loss  by 
leakage. 

A  refrigerator,  consisting  of  tubes  with  a  current  of  cold  water 
forced  through  them,  or  other  suitable  apparatus,  would  be  needed, 
in  order  to  abstract  from  the  air  passing  from  the  regenerator  to 
the  second  receiver,  the  heat  which  the  regenerator  fails  to  abstitu^t 
from  it,  by  reason  of  the  imperfection  of  its  action ;  being  in  fact, 
the  waste  heat  of  the  regenerator  already  referred  to. 
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It  might  also  be  necessary  to  surround  the  compressing  pump  D 
with  a  casing  containing  a  current  of  cold  water,  to  abstract  the 
heat  produced  by  the  compression  of  the  air;  because,  owing  to 
the  diminished  size  of  that  cylinder,  the  abstraction  of  the  heat  by 
means  of  its  contact  with  the  external  air  might  not  be  sufficiently 
rapid. 

Some  means  would  have  to  be  adopted  to  augment  the  heating 
surface  exposed  to  the  furnace  by  the  working  cylinder,  without 
inconveniently  increasing  the  space  occupied  by  the  engine.  A 
contrivance  proposed  for  that  purpose  will  be  described  at  the  end 
of  the  next  Article. 

275.  TempeniUiTO  Chaimfcd  at  O^aflteat  T«laaM— «ilHlag^  Basia« 
— Nai^ier  aadi  Raaklae's  Air  HTealer.— In  fig.  103,  Article  273, 
A  B  C  D'  represents  the  diagram  of  a  perfect  engine  of  the  class 
now  under  consideration.  A  B  represents 
the  expansion  of  the  air  at  the  constant 
absolute  temperature  r^;  BC,  the  lower- 
ing temperature  of  the  air  by  transmission 
through  a  regenerator,  at  the  constant 
volume  <?j  =  t;,;  C  D',  the  compression  of 
the  air,  at  the  constant  absolute  tempera- 
ture 4-2 ;  D'  A,  the  raising  the  temperature 
of  the  air,  at  the  constant  volume  V4  =  v^ 
_«. 
r 

This  mode  of  regulating  the  operations 
p.    106  undergone  by  the  air  is  suitable  for  an 

^'  engine  in  which  the  same  individual  mass 

of  air  is  kept  constantly  confined  within  an  enclosed  space  of 
variable  volume:  an  arrangement  &vourable  to  compactness,  as 
the  air  can  be  used  at  any  pressure  consistent  with  safety.  To 
show  the  general  nature  of  the  apparatus  by  means  of  which  the 
air  is  so  treated,  fig.  105  is  a  vertical  section  of  the  principal 
parts  of  the  air  engine  invented  by  Dr.  Kobert  Stirling,  and 
improved  by  Mr.  James  Stirling.  DCABACD  is  the  air 
receiver,  or  heating  and  cooling  vessel ;  G  is  the  cylinder,  with  its 
piston  H.  The  receiver  and  cylinder  communicate  freely  through 
the  nozzle  F,  which  is  at  all  times  open  while  the  engine  works. 

Within  the  receiver  is  an  inner  receiver  or  lining  of  a  similar 
figure,  so  far  as  it  extends,  viz.,  from  B  to  C  C.  The  hemispherical 
bottom  of  this  lining  is  pierced  with  many  small  holes,  and  the 
space  between  it  and  the  bottom  of  the  outer  receiver  is  vacant 
From  A  A  up  to  C  C,  the  annular  space  between  the  outer  receiver 
and  its  lining  contains  the  regenemtor;  being  a  grating  composed 
of  a  series  of  thin  vertical  oblong  sti-ips  of  metal  or  glass,  with 
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narrow  passages  between  them.  The  inner  surface  of  the  cyiin- 
drieal  part  of  the  lining,  from  A  A  up  to  C  C,  is  turned,  and  the 
plunger  E  moves  vertically  up  and  down  within  it,  fitting  easily, 
so  as  to  leave  the  least  space  possible  without  causing  perceptible 
friction.  This  plunger  is  hoUow,  and  filled  with  brick  dust,  or 
some  such  slow  conductor  of  heat. 

The  space  firom  C  C  to  D  D  between  the  barrel  of  the  receiver 
and  the  concave  part  of  its  cover,  and  above  the  upper  edge  of  the 
lining,  contains  the  "  refrigerator,^^  which  consists  of  a  horizontal 
coil  of  fine  copper  tube,  through  which  a  current  of  cold  water  is 
forced  by  a  pump,  not  shoMm  in  the  figure. 

There  is  an  air  compressing  pump,  not  shoMm,  which  forces  into 
the  nozzle  F  enough  of  air  to  supply  the  loss  by  leakage. 

The  hemispherical  bottom  A  B  A  of  the  receiver  forms  the  heat- 
ing surface  which  is  exposed  to  the  furnace. 

The  effect  of  the  alternate  motion  of  the  plunger  E  up  and  down 
is  to  transfer  a  certain  mass  of  air,  which  may  be  called  the  workirig 
air,  alternately  to  the  upper  and  lower  end  of  the  receiver,  by 
making  it  pass  up  and  down  through  the  regenerator  between  A  A 
and  C  C.  The  perforated  hemispherical  lining  of  the  bottom  of 
the  receiver  causes  a  diffusion  and  rapid  circulation  of  the  air  as  it 
passes  into  the  lower  end  of  the  receiver,  and  thus  facilitates  the 
convection  of  heat  to  it,  for  the  purpose  of  enabling  it  to  undergo 
the  expansion  represented  by  A  B  in  fig.  103 ;  during  which 
expansion  it  lifts  the  piston  EL  The  descent  of  the  plunger  causes 
the  air  to  return  through  the  regenerator  to  the  uj^r  end  of  the 
receiver.  It  leaves  the  greater  part  of  the  heat  corresponding  to 
the  range  of  temperature  r^  -  r^  stored  in  the  plates  of  the  regen- 
erator. The  remainder  of  that  heat  (being  the  heat  wasted  by  the 
imperfect  action  of  the  regenerator)  is  abstracted  by  the  refrigerator, 
wluoh  also  abstracts  the  heat  produced  by  the  compression  of  the 
air  when  the  piston  H  descends.  The  heat  stored  in  the  regenera- 
tor serves  to  raise  the  temperature  of  the  air,  when,  by  the  lifting 
of  the  plunger  E,  it  is  sent  back  to  the  lower  end  of  the  receiver. 

The  mechanism  for  moving  the  plunger  E  is  so  adjusted,  that 
the  up  stroke  of  that  plunger  takes  place  when  the  piston  H  is  at 
or  near  the  beginning  of  its  forward  stroke,  and  the  down  stroke  of 
the  plunger  when  the  piston  H  is  at  or  neai*  the  beginning  of  its 
back  stroke. 

The  diagram  represents  a  single  acting  engine.  In  a  double 
acting  engine,  the  other  end  of  the  cylinder  G  is  connected  with 
another  air  receiver  similar  to  that  shown,  and  the  plungers  of  the 
two  receivers  are  made  to  move  in  opposite  directions  to  each  other. 

Besides  the  workiing  air,  there  is  obviously  a  mass  of  air  which 
does  not  pass  up  and  down  through  the  regenerator,  but  merely 
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passes  into  and  out  of  the  cylinder  G  and  nozzle  F.  This  mass  of 
air  remains  always  nearly  at  the  lower  absolute  temperature  "^ 
and  is  not  the  means  of  transforming  heat  to  mechanical  enei^gy, 
but  merely  of  transmitting  pressure  and  motion  between  the  vrork- 
ing  air  and  the  piston.  The  piston  and  cylinder  being  always  cool, 
can  be  lubricated  with  oil  without  the  risk  of  decomposing  it;  and 
the  piston  rod  can  be  made  to  work  through  a  leather  collar.  (For 
details  respecting  this  engine,  see  Froceedinga  of  the  InsUhdion  q/ 
Civil  Engineers,  1854.) 

The  general  theory  of  the  action  of  a  mass  of  elastic  fluid  in  a 
heat  engine  as  a  cushion  between  the  working  fluid  and  the  piston,  ^ 
has  already  been  given  in  Article  262.     The  application  of  that 
theory  to  the  present  case  is  shown  in  fig.  106. 

Let  A  B  C  D  be  the  real  diagram 
of  one  lb.  of  the  working  mass  of 
air,  so  that  PB=  QC  =  t7»  =  r,  re- 
presents its  greatest  volume  in  cubic 
feet  per  lb.  This  represents  the 
space  below  the  plunger  of  the  re* 
ceiver  when  it  is  at  the  top  of  its 
stroke.  Add  a  space  equal  to  the 
volume  of  the  air  contained  in  the 
*^'   ®  •  port  F,  in  the  clearance  below  the 

piston  H,  in  the  spaces  between  the  coils  of  the  refrigerating  tube, 
and  in  those  of  the  upper  half  of  the  regenerator;  the  sum  will  be 
the  whole  space  filled  with  air  when  the  piston  H  is  at  the  end  of 
its  back  stroke  and  beginning  of  its  forward  stroke.  Through  A 
draw  N 1  parallel  to  OX  to  represent  that  space;  then  A I  repre- 
sents the  volume  of  the  cushion  air  when  it  is  under  the  greatest 
pressure.  Make  N  E  =  A  I,  and  make  E  F  H  G  an  isothermal 
curve ;  that  is,  a  common  hyperbola,  the  product  of  whose  rectan- 
gular co-ordinates  ONxNE,  OPxP  F,  &a,  is  constant  Draw 
P  B  F,  RDH,  Q  0  G,  parallel  to  O X,  and  make  BK  =  PiF, 
DM  =  R H,  C L  =  QG;  then  K,  L,  M, and  the  point  I  formerly 
found,  will  be  the  comers  of  the  acttud  diagram  of  the  cylinder; 
and  any  number  of  intermediate  points  in  that  diagram  can  be 
found  in  a  similar  manner.  The  volume  to  he  swept  trough  hy  the 
piston  per  pound  of  air  per  stroke  is  represented  by 

QT-NL 
The  ratio  of  the  weight  of  the  cushion  air  to  the  weight  of  the 
working  air,  being  that  of  the  volumes  of  those  masses  of  air  at  the 
same  temperature,  is 

QG  -  QO, 
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The  algebraical  expression  of  these  principles  will  be  given  after 
the  formulse  relating  to  the  efficiency  of  the  fluid. 

The  actual  indicator  diagram  described  by  Stirling's  air  engine 
^as  an  oval,  resembling  the  figure  I  K  L  M  with  the  corners 
rounded  off.  This  must  be  ascribed  partly  to  the  fact,  that  the 
operations  actually  performed  on  the  working  air,  are  only  approxi- 
mately represented  by  the  figure  A  B  C  D,  the  heating  and  cooling 
not  taking  place  exactly  at  constant  volumes,  nor  the  expansion 
and  compression  exactly  at  constant  temperatures,  and  partly  to 
the  inertia  of  the  piston  and  other  moving  parts  of  the  indicator. 

The  following  are  the  formulae  appropriate  to  the  class  of  engine 
MOW  under  consideration : — 

Data. 

«-,,  absolute  temperature  of  receiving  heat,  and  expanding  the 
worKing  air. 

-rg,  absolute  temperature  of  compressing  the  working  air,  and 
rejcN^ing  heat. 

p^j  greatest  pressure. 

r,  ratio  of  expansion. 

q,  ratio  of  volume  of  clearance  and  passages  to  greatest  volume 
of  working  air. 

Infig.  106,|i  =  l+^. 

Results, 
per  lb.  of  working  air  per  stroke — 

Fresswrea —  /)j  =  ^  ; 


r 


Tj  -1 


.(1.) 


TokanM  of  one  lb.  qfvxyrking  aw — 

53-15  T- 
^•  =  ^4  =  — —-^\  t?j=v.  =  r«. (2.) 

Thermodynamic  fvm4:i!um — 

^^  -  f.  =  53-15  hyp  log  r  =  122-38  com  log  r (3.) 

Expenditure  of  heat  in  expanding  the  air — 

Hj  =  122-38  Tj  com  log  r (4.) 
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Waste  heat  of  regeneroUor — 

mK,(ri-r,) (5.) 

(m  =  from  ,V  to  ,V  1  K»  =  130-3). 
Heat  Tweeted  dwring  the  cortipresaion  of  the  air — 

Hgrr  122-38  -^-j  -com  log  r. (6.) 

MechamiccU  energy — 

U=  122-38  (tj-tj)  com  log  r (7.) 

Efficiency f  if  m  =:  iV  nearly — 

U 

Hi+13K-r,) 


.(8.) 


(d.) 


.(10.) 


The  following  formulae  have  reference  to  the  volume  of  the 
cushion  air,  and  of  the  whole  air,  working  air  and  cuahion  air 
together,  per  lb,  oftoorking  air;  and  the  small  letters  affixed  to  the 
letter  v  i-efer  to  the  points  marked  with  the  corresponding  capital 
letters  in  fig  106  :— 

Leaet  total  volume  qfair — 

Vi  =  (l+q)v, 

Vohvmea  of  cushion  air — 

v,  =  t;,-t;.  =  v.{(l  +  $')r— 1}; 

V/  =  rv,; 

Total  volumes — 

v*r=n  +  V/;  v^  =  v^  +  v^i 
Vt=:v.  +  v, 

Batio  of  cushion  cwr  to  working  air — 

^;  =  i;{(i+,)r-i} (12.) 

Volume  swept  through  by  ifis  piston  per  lb.  of  air  per  stroke— 


.(11.) 
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r,-r,  =  t;.|(r-l)p  +q(r^^l^j (13.) 

Mean  effecUve  presawre — 


^  (U.) 


The  quantities  taken  as  data  in  the  preceding  set  of  formulse  are 
those  iTT'hich  would  probably  be  given  for  a  proposed  engine.  In 
the  case  of  an  existing  engine,  and  sometimes  in  the  case  of  a  pro- 
posed engine  also,  the  ratio  of  expansion  r  may  at  first  be  unknown ; 
and  instead  of  it  these  may  be  given,  the  proportion  of  the  space 
swept  through  by  the  piston  to  the  space  swept  through  by  the 
plunger,  viz.. 

In   this  case,  the  following  formula,  deduced  &om  equation  13, 
serves  to  determine  the  ratio  of  expansion : — 

'=lT,{^;(«  +  0  +  '}^- <■»•) 

which  having  been  found,  all  the  formulae  can  be  used  as  already 
given. 

In  the  following  numerical  example,  the  data  are  taken  from  the 
account  by  Mr.  James  Stirling,  in  the  Proceedings  of  the  InsHiuHon 
of  Civil  Engineers y  for  1845,  of  an  air  engine  wluch  worked  for 
several  years  at  the  Dundee  foundry : — 

Data. 

Ti  =  650°;  T^=llir-2. 

T2  =  150^;  Tg  =  611-2. 

p.  =  240  y  144  =  34,560. 

q,  roughly  estimated  at  0*05. 

Results. 

r  =  j^  {  0-55  (0-5  +  0-05)  -f  1  }  =  1-24. 

p*  =  27870 ;  p.  =  15330 ;  p^  =  19000. 
2iJ 


368  STEAM  Ain>  OTHSB  HEAT  ENGIMES. 

r.  =  r^  =  1-709 ;  r*  =  v.  =  2-119. 
f,  -  f.  =  122-38  X  0-09517  =  11-647. 

Latent  heat  of  expansion, Hi=  11-647  x  1111-2  =  12942 

Waste  heat  of  regenerator, 13  x  500=   6500 

Whole  heat  expended  per  lb.  of  air  per  stroke, 1 9442 

Rejected  heat, H2=  11647  x  611-2        7119 

Mechanical  energy  per  lb.  air  per  stroke — 

U  =  11-647x500=  5823 

eono 

Ejfficimcy  o/Jltdd^         19443  "  ^'^' 

Volume  swept  by  piston  per  lb.  of  air  per  stroke— 
r,-r,  =  2119  ^  2  =  106  cubic  feet. 
Mean  effective  pressure — 

TT  'iftO^ 

=  Triw  =  5437  lbs.  on  the  square  foot 

Vi—Vi        1  -06  ^ 

=  37-75  lbs.  on  the  squai'e  inch. 

The  engine  to  which  these  calculations  refer  was  double  acting, 
with  a  cylinder  of  16  inches  diameter,  and  4  feet  length  of  stroke, 
making  28  revolutions  per  minute. 

Hence,        area  of  piston  =  200  squai'e  inches;  and 

Energy  exerted  by  air  on  piston  per  minute,  as  found  by  calcula- 
tion— 

=  37-75  X  200  x  4  X  28  x  2  =  1,691,200  foot-lba. 

The  work  actually  performed  against  a  friction 

brake  dynamometer  per  minute  was, i  ,500,000 

And  the  work  performed  against  the  friction  of 
the  engine  when  unloaded,  having  been  found 
to  be  one-ninth  of  the  usefid  work,  or. 1 66,66 j 

The  energy  exerted  by  the  air  on  the  piston  per 
minute  is  found  from  the  experiments  to  have 
been 1,666,667 

The  difference  between  theoiy  and  expeiiment,....  34>533 

IB  practically  unimportant 
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The  work  expended  on  the  friction  of  the  engine  is  estimated  at 
one-tenth  of  the  whole  eneigy  exerted  by  the  air  j  because  it  was 
found  that  when  the  receivers  were  charged  with  air  at  about  one- 
tenth  of  the  ordinary  working  density,  the  power  of  the  engine  was 
)ust  sufficient  to  enable  it  to  move  unloaded. 

The  following  is  a  comparison  between  theoiy  and  experiment, 
as  to  the  quantity  of  heat  abstracted  by  the  refrigerating  appara- 
tus ; — 

By  theoiy,  the  efficiency  of  the  fluid  in  the  engine  is  found  to 
have  been  0*3 ;  that  is,  three-tenths  of  the  whole  heat  received  by 
the  fluid  were  converted  into  mechanical  energy,  leaving  seven- 
tenths  to  be  abstracted  by  the  refrigerator.  Therefore,  the  heat 
abstracted  by  the  refrigerator  exceeded  the  heat  converted  into 
mechanical  energy  in  the  ratio  of  7  to  3.  The  mechanical  energy 
exerted  by  the  fluid  was  1,691,200  foot-lbs.  per  minute.  Therefore 
the  heat  abstracted  by  the  refrigerator  per  minute  was 

n 

1,691,200  X  -  =  3,946,000  foot-lbs. 
3 

Mr.  Stirling  states,  that  the  quantity  of 
water  passed  through  the  refrigerator 
was  4  cubic  feet;  that  is,  250  lbs.  per 
minute,  and  that  its  temperature  was 
raised  from  16°  or  18**  by  the  heat  which 
it  abstracted.  Take  17°  as  the  average 
elevation  of  its  temperature;  then,  as  the 
dynamical  specific  heat  of  water  is  772 
foot-lbs.,  we  have,  for  the  heat  abstracted 
by  this  quantity  of  water,  250  x  17  x722^  3,281,000      „ 

Difference 665,000 

or  about  one-sixth  of  the  greater  quantity. 

This  difference  may  be  partly  accounted  for  by  the  fact,  that  part 
of  the  heat  abstracted  from  the  working  air  must  have  been  con- 
ducted through  the  covers  and  the  upper  portions  of  the  sides  of 
the  receivers  to  the  external  air,  without  affecting  the  water  in  the 
coils  of  tube.  It  is  possible,  also,  that  the  waste  of  heat  through 
imperfect  action  of  the  regenerator  may  have  been  over-estimated 
in  the  theoretical  calculation. 

The  energy  exerted  by  the  fluid  in  an  hour  was 

1,666,667  X  60  =  100,000,000  foot-lbs. 

The  fuel  consumed  in  12  hours  was  1000  lbs.,  or  833  lbs.  per 
hour,  so  that  the  indiccUed  dviy  of  one  lb.  of  coal  was 
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100,000,000 
83-3 


=  1,200,000  foot-lbe. 


Mr.  Stirling  considers  the  coal  employed  to  have  been  of  about 
tkree-fouriha  of  the  evaporative  power  of  Newcastle  coaL  Assum- 
ing, therefore,  the  total  heat  of  combustion  of  one  lb.  of  the  coal  to 
have  been 

9,000,000  foot-lbs., 

we  find  for  the  resuUa/nt  efficiency  of  the  furnace  and  fluid, 

1,200,000 


9,000,000 


=  0133. 


The  efficiency  of  the  fluid  having  been  0*3,  it  appears  that  the 
efficiency  of  tfie  furnace  was 


0133 


:0-44, 


0-3 

The  heating  surface  was  about  75  square  feet.  In  a  steam  boiler 
furnace,  burning  the  same  quantity  of  fuel,  this  would  have  given 
an  efficiency  of  about 

0-61. 

In  Stirling's  engine,  therefore,  the  efficiency  of  the  furnace 
appi'oached  more  nearly  to  that  of  a  steam  boiler  furnace,  than  in 

£ric8son's  engine,  owing  pro- 
bably to  the  greater  density  of 
the  air,  and  its  more  rapid  cir- 
culation over  the  bottom  of  the 
receiver. 

With  a  view  to  increasing  the 
efficiency  of  air  engines  by  ob- 
taining an  extensive  heating 
surface,  without  inconveniently 
enlarging  their  bulk,  Mr.  James 
R  Napier,  and  the  Author  of 
this  work,  have  propoi»ed  the 
heating  apparatus  shown  in  fig. 
107.  That  figure  represents, 
the  bottom  of  a  cylindrical  air 
^  receiver,   consisting  of  a  flat 

■^  tube-plate,  from  which  several 
tubes,  open  at  the  upper  end,, 
and  closed  at  the  lower  end,. 

P  is  the  lower  end  of  a  pluQ^r. 


a     I     '^ 


'^; 


\ 

Fig.  107. 
descend  into  a  flame  chamber. 
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oorrespouding  to  that  marked  £  in  fig.  105.  In  fig.  107,  the 
regenerator  occupies  a  cylindrical  hole  in  the  centre  of  that 
plunger;  but  it  might,  if  convenient,  occupy  an  annular  space 
surrounding  the  plunger,  aa  in  fig.  105. 

S  is  a  second,  or  lower  plunger,  consisting  of  a  perforated  plate, 
from  which  cylindrical  rods  descend  into  the  tubes,  and  nearly  fit 
theiXL  When  the  lower  plunger  is  depressed,  the  rods  nearly  fill 
the  tubes,  and  the  heat  transmitted  from  the  furnace  accumulates 
in  the  metal  of  the  tubes  and  rods.  When  the  lower  plunger  is 
raised,  part  of  the  air  descends  into  the  tubes,  and  is  heated  by 
contact  with  them  and  with  the  rods,  and  part  remains  in  the  large 
cylindrical  part  of  the  receiver,  and  is  heated  by  contact  with  the 
upper  ends  of  the  rods.  This  apparatus  has  been  found  to  heat  the 
air  rapidly;  but  its  efficiency  has  not  yet  been  ascertained  by  any 
exact  experiment. 

276.  Heat  Becciredl  aa4  Bqicetedl  at  Cmmuaut  PreMana— #•■!«'■ 
KMHtae. — In  a  paper  by  Dr.  Joule,  with  a  supplement  by  Professor 
William  Thomson,*  in  the  Philosophical  Transactions  for  1851,  it 
was  proposed  to  use  an  air  engine  in  which  the  regenerator  and  re- 
frigerator are  dispensed  with;  so  that  the  air  shall  receive  and  reject 
heat,  not  at  a  pair  of  constant  temperatures,  but  at  a  pair  of  con- 
stant pressurea 

This  proposed  engine  would  consist  essentially  of  three  parts — a 
compressing  pump,  a  heating  vessel  (being  a  set  of  tubes  ti*aversing 
a  furnace),  and  a  working  cylinder.  The  compressing  pump 
and  working  cylinder  would  be  clothed  with  non-conducting 
mateiials. 

The  compressing  pump  would  draw  air  from  the  atmosphere, 
compress  it  in  a  certain  proportion,  and  force  it  into  one  end  of 
the  heating  vessel,  at  a  temperature  elevated  above  the  atmospherio 
temperature  to  an  extent  corresponding  to  the  compression.  In 
the  heating  vessel,  the  air  would  have  its  temperature  further 
raised,  and  its  volume  iexpanded,  at  constant  pressure,  by  the  heat 
received  from  the  furnace.  From  the  farther  end  of  the  heating 
vessel,  the  air  would  pass  through  an  induction  valve  into  the 
working  cylinder,  driving  the  piston  through  a  certain  part  of  a 
stroke.  The  valve  being  dos^,  and  the  admission  of  air  cut  off, 
the  piston  would  be  driven  through  the  remainder  of  its  stroke  by 
the  expansion  of  the  air  down  to  the  atmospherio  pressure;  and 
during  that  expansion,  the  temperature  would  fall  to  a  certain 
extent.  The  air  would  then  be  discharged  into  the  atmosphere 
at  a  temperature  exceeding  the  atmospheric  temperature,  the 
heat  due  to  the  excess  of  temperature  being  rejected  along  with 
the  air. 

In  fig.  108,  A  B  C  D  A  represents  the  diagram  of  energy  of  such 

'  Now  Lord  EeWin. 


^v 

^"-^   r* 

"'     — ^^J^^* 
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an  engine,  being  found  by  taking  away  E  A  D  F  E,  the  diagram 
of  the  compressing  pump,  from  £  B  C  F  E,  the  diagram  of  the 
working  cylinder. 

The  straight  line  F  D  represents  the  volume  V4  of  one  lb.  of  air, 
drawn  from  the  atmosphere,  at  the  atmospheric  pressure  p^  and 
absolute  temperature  r^ 

D  A,  a  portion  of  an  adiabatic 
Y  curve,  represents  the  oompres- 

u A B  sion  of  that  air,  until  it  attains 

the  pressure,  volume,  and  tem- 
perature, /).,  v.,  T^. 

The  stitdght  line  E  A  repre- 
sents the  volume  v^  of  the  com- 
F{g  i0g  pressed  air,  as  forced  into   the 

heating  vessel 
The  straight  line  E  B  represents  the  volume  v^  of  that  air  after 
it  has  traversed  the  heating  vessel,  and  as  it  enters  the  working 
cylinder  under  the  constant  pressure  />«,  and  at  the  highest  absolute 
temperature  r^ 

B  C,  a  portion  of  an  adiabatic  curve,  meeting  the  straight  line 
F  D  0  in  C,  represents  the  expansion  of  the  air  to  the  volume  v„ 
at  which  it  returns  to  the  atmospheric  pressure  />«  =/><,  and  fidls  to 
a  certain  temperature  r^ 

C  F  represents  v^,  the  volume  of  the  air  when  finally  expelled 
into  the  atmosphere. 

The  heat  received  by  each  pound  of  air  is  represented  by  the 
area  between  A  B,  and  the  indefinitely  prolonged  adiabatic  curves 
ADM,BCN. 

The  heat  rejected  with  each  pound  of  the  air  when  dischai^ged  ia 
represented  by  the  area  between  D  C  and  the  cui*ves  D  M,  C  N. 

The  energy  exerted  by  each  pound  of  air  is  represented  by  the 
area  A  B  C  D. 

The  volume  swept  through  by  the  piston  of  the  working  cylinder 
per  pound  of  air  is  WC  =  v, :  the  volume  swept  through  by  the 
piston  of  the  pump  is  F  D  =  v^ 

The  following  are  the  formulae  pi^per  to  this  kind  of  engine  :— 

Data. 

Atmospheric  pressure  and  absolute  temperature,  p^,  r^ 
Ratio  of  compression  and  expansion,  r. 
Highest  absolute  temperature,  t^ 
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per  pound  of  air. 

AbsokUe  tempercUttreB-^ 


T,=  r,ty-l  =  r.^',r.  =  :;^. 


Pressures — 


Voluanes — 


Pa=Ph=Pdf^  ^  Pdr''^;  P,=P4' 


V4  = 


53-15 


P4 


r,  =  r  v»  =  ^4 


(1.) 

.(2.) 
,.(3.) 


Heat  received — 

Hi  =  183-45  {-r^  -  T,)  =  183-45  (n  _  ,^  r»^) (4.) 

Seat  Treated — 

H,  =  183-45  K  -  .,)  =  183-45  (^ -  .,)  =^\...  (5.) 
Energy  exerted — 

U  =  Hi-H,  =  183-46  {  n  (l  -  ^L)  -'-(»**•- 1)  } 

=  Hi(l-;4)i (6-) 


Efficiency  of  fluid — 


Hi""     % 


-      r/-^     r^- 


.(7.) 


Mean  effecti^  pressure — 

^.=  3'i5lp,(f^-l)  (l  -  1'  -^) (&) 

The  following  is  a  numerical  example,  wluch,  however,  is  ima- 
ginaxy,  as  no  experiments  have  been  made  on  engines  of  the  kind 
now  considered : — 
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Data. 

p^  =  2116-4;  T^=:50^^r^  =  5lr•2; 

T»  =  56r-2.-.r,  =  1022^-4. 

Resttlts. 

t^=  1-327;  -5^53=  0-7537;  ^  =  |. 

T.  =  678^-3  .-.  T,  =  217°l;  t.  =  770-6  .-.  T.  =  309H, 

;?.=;>*  =  2-654  x  2116-3  =  5617;  ;?.=/>.  ^21 16-3. 

t?a=  12-84;  t?.  =  6-42;  v»  =  9-68;  r.=  19-35; 

Hj  =  183-45  X  344°1  =  63128 

Hg  =  183-45  X  259-4  =  47583 


U  =  183-45  X  84-7      15645 
Efficiency  of  fluid,  i~||  =  0-246. 

Mean  effective  pressure — 

15545 
19-35 


=  802  lbs.  on  the  square  foots  5*57  lbs.  on  the  square  inch. 


If  an  engine  of  this  class  were  made  to  work  up  to  a  high  tem- 
perature, it  would  be  necessary  to  keep  the  packing  of  the  piston 
cool  by  some  such  means  as  making  die  lower  part  of  the  piston, 
as  in  Ericsson's  engine,  hang  considerably  below  the  packing  ring, 
its  interior  being  hollow,  and  filled  with  a  slowly  conducting 
material. 

277.  FBniac«-Oaa  BaclaM  —  CayltfT**— Cl«rdl«n1i — Arraler  dte  la 
Oree*ii. — The  greater  part  of  the  waste  of  heat  from  the  furnace 
might  be  prevented  if  it  were  practicable  to  drive  the  piston  of  an 
engine  directly  by  means  of  the  hot  gaseous  products  of  combus- 
tion. An  engine  of  this  kind  was  made  and  worked  experimentally 
by  Sir  Oeoi^e  Cayley.  It  consists  essentially  of  the  same  parts 
with  the  air  engine  described  in  the  preceding  Article,  except  that 
in  the  furnace  gas  engine,  the  heating  vessef  and  the  furnace  are 
one;  that  is  to  say,  the  compressing  pump  draws  air  from  the 
atmosphere,  compresses  it^  and  forces  it  into  a  strong  air-iigbt 
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furnace,  where  its  oxygen  oombiues  with  the  fuel;  then  the  mixeil 
hot  gas  produced  by  the  combustion  is  admitted  into  the  working 
cylinder,  where  it  drives  the  piston  through  part  of  its  sti*oke  at 
full  pressure,  and  through  the  remainder  by  expansion,  until  it 
falls  to  the  atmospheric  pressure,  and  is  discharged.  The  furnace 
is  fed  through  a  double  valve,  which  is  so  constructed,  that  fuel  can 
be  introduced  through  it  without  permitting  the  escape  of  more 
than  a  very  small  quantity  of  the  compressed  air. 

The  theoretical  diagram  of  such  an  engine,  and  the  formuln 
applicable  to  it,  are  exactly  similar  to  those  given  in  Article  276, 
except  that  the  furnace  gas  is  somewhat  denser  than  air.  This 
difference  may  be  allowed  for  by  conceiving,  that  all  the  formulae, 
instead  of  having  reference  to  iyiM  pound  of  the  gas,  have  reference 
to  so  much  o/t^ie  gets  as  is  produced  hy  supplying  one  pound  of  air 
to  thefu/mace. 

The  cylinder,  piston,  and  valves  of  this  engine,  were  found  to  be 
BO  rapidly  destroyed  \yj  the  intense  heat,  and  the  dust  from  the 
fuel,  that  no  attempt  was  made  to  bring  it  into  general  practical  use. 

An  engine  on  nearly  the  same  principle  was  invented  by  Mr. 
Alexander  Gordon. 

Dr.  Avenier  de  la  6r^  has  proposed  a  kind  of  fuiiiace-gas  engine 
in  which,  so  for  as  it  can  be  judged  of  by  mere  description,  without 
experiment,  the  difficulties  ansing  from  the  dust  and  heat  may 
very  probably  be  overcome;  and  the  only  objection  will  be  that 
common  to  all  air  engines  which  draw  a  cyUnderful  of  air  from 
the  atmosphere  at  each  stroke,  viz.,  the  greatness  of  their  bulk  in 
proportion  to  their  power. 

As  to  engines  in  which  the  air  is  heated  by  the  explosion  of 
coal-gas,  see  pages  447  and  567.''^ 

Section  5. — Of  the  Efficiency  of  (he  Fluid  in  Steam  Engines* 

278.  ThMTCtfaa  DliicniHis  •f  fltMun   BagtaM  in  OcaeniL — The 

sketches  which  have  already  been  given  in  fig.  17,  page  48,  and  in 
fig.  99,  page  337,  illustrate  the  general  character  of  the  diagrams 
which  incHcate  the  energy  exerted  by  the  steam  in  the  cylinders  of 
steam  engine& 

The  curves  actually  described  on  the  indicator  cards  of  these 
engines  present  so  many  differences  as  to  the  mode  in  which  the 
pressure  and  volume  of  the  steam  vary  during  its  action  on  the 
piston,  that  their  figures  cannot  be  expressed  exactly  by  any  general 
system  of  mathematical  formula ;  especially  because  in  the  present 
state  of  our  knowledge,  it  is  impossible  accurately  to  separate  those 
irr^pilarities  in  dia^ams  which  arise  from  real  fluctuations  in  the 
prewure  of  the  steam,  from  those  which  arise  from  the  friction  and 

•  Sm  aIm  Section  on  Oat,  Oil,  and  Air  BngHu»,  by  Bry^o  Donkin,  HInBtaE.,  %t  end  of 
thill  * 
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inertia  of  the  moving  parts  of  the  indicator.  Some  of  those  irregn- 
larities  will  be  more  particularly  described  in  a  subsequent 
Article. 

In  order  that  it  may  be  possible  to  compute  from  theoretical 
principles  the  power  and  efficiency  of  the  fluid  in  steam  engines, 
a  figure  is  (Msmned  for  the  diagram,  approximating  to  the  real 
figure,  but  more  simple  (see  fig.  109).  In  that  figure,  A  B  repre- 
sents the  volume  of  a  certain  mass  of  steam,  when  admitted  into 
the  cylinder,  so  as  to  drive  the  piston  through  a  space  equal  to  that 
volume.  The  first  assumption  by  which  the  diagram  is  simplified 
is,  that  the  pressure  of  the  steam  remains  constant  during  its 

admission,  so  that  A  B  is  a  straight 
line  parallel  to  O  X,  and  the  constant 
pressure  is  represented  by  O  A  =  GR 
The  curve  B  C  represents  the  ex- 
pansion of  the  steam  after  its  admis- 
sion is  cut  ofL  In  actual  diagrams, 
this  curve  presents  a  great  variety  of 
figures,  depending  upon  the  oom- 
munication  of  heat  to  and  from  the 
_.    ^^  steam,  and  other  causes,  and  almost 

^^  always  contains  undulations,  which 

probably  arise  partly  from  vibrations  in  the  mass  of  steam  itself, 
and  partly  from  oscillations  due  to  the  inertia  of  the  indicator 
piston.  The  second  assvmption  consiBts  in  assigning  to  the  curve 
D  0  one  or  other  of  two  definite  figiu^,  according  to  the  following 
suppositions : — 

L  When  the  cylinder  is  either  exposed,  or  simply  cased  in 
slowly  conducting  materials,  such  as  felt  and  wood,  the  steam  is 
assumed  to  expand  without  receiving  or  giving  out  heat ;  so  that 
B  C  is  an  ctdiabaHc  curve,  whose  form  will  bo  explained  in  Article 
281. 

II.  When  between  the  slow  conducting  casing  and  the  cylinder, 
there  is  an  iron  casing  or  outer  cylinder  called  the  ''  steam  jacket," 
supplied  with  steam  from  the  boiler,  it  is  assumed,  that  the  heat 
communicated  by  means  of  that  jacket  to  the  steam  expanding  in 
the  cylinder,  is  just  sufficient  to  prevent  any  practically  appreciable 
part  of  it  from  becoming  liquid;  so  that  B  0  is  part  of  a  curve 
whose  co-ordinates  represent  the  pressures  and  the  volumes  of  a 
given  weight  of  steam  of  saturation. 

These  two  suppositions  have  reference  to  engines  in  which  the 
steam  is  not  "  superheated;**  that  is,  raised  to  a  temperature  above 
the  boiling  point  oon'esponding  to  its  pressure.  The  action  of 
superheated  steam  will  be  considered  in  the  next  section. 
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The  third  cuaumpHan  is,  that  the  steam  is  exhausted,  or  dis- 
charged from  the  cjlinder  during  the  return  stroke,  at  a  constant 
pressure ;  so  that  the  lower  side  E  F  of  the  diagram  is  a  straight 
line  parallel  to  O  X;  and  the  constant  back  pressure  is  represented 
by  O  F  =  H  E,  which  may  be  equal  to,  or  less  than  the  pressure 
at  the  end  of  the  expansion  H  C.  (It  would  be  possible,  also,  to 
make  the  back  pressure  grecUer  than  the  pressure  at  the  end  of  the 
expansion;  but  this  never  occurs  in  engines  that  are  well  con- 
structed and  worked.)  The  third  assumption  involves  also  the 
assumption,  that  the  fall  of  pressure,  if  any,  at  the  end  of  the 
stroke  (represented  by  C  E),  takes  place  suddenly. 

The  value  taken  for  the  assum^  constant  back  pressure  ought 
of  course  to  be  equal  to  the  mean  value  of  the  actual  variable  back 
pressure,  so  far  as  it  can  be  accurately  ascertained.  What  that 
mean  value  is  in  different  cases  will  be  considered  in  a  special 
Article. 

The  fourth  assumption  consists  in  neglecting  the  volume  of  the 
liquid  water  as  compared  with  that  of  the  steam,  so  that  the  side 
FDA  of  the  diagram  is  a  straight  line  coinciding  with  OY, 
instead  of  being  a  cui've  having  ordinates  parallel  to  O  X,  represent- 
ing the  successive  volumes  of  the  water  as  it  sustains  a  gradually 
increasing  pressure  in  the  feed  pump,  and  corresponding  (though  of 
much  smaller  magnitude)  to  the  ordinates  parallel  to  O  X  of  the 
curves  marked  DA  in  figs.  103,  Article  273,  and  108,  Article  277. 
This  assumption  gives  rise  to  no  error  appreciable  in  practice. 

Thus  is  obtained  a  diagram  for  purposes  of  calcidation,  of  the 
kind  of  form  represented  by  A  B  0  £  F  D  A,  of  which  the  side 
B  C  alone  is  curved.  Experience  proves,  that  although  in  a  dia- 
gram of  this  kind,  in  which  the  smaller  fluctuations  of  the  pressure 
are  n^lected,  the  pressures  corresponding  to  particular  positions  of 
the  piston  sometimes  differ  considerably  from  the  actual  pressures^ 
yet  the  differences,  being  in  opposite  directions  at  different  points 
of  the  diagram,  neutralize  earn  other  in  such  a  manner,  that  the 
agreement  between  calculation  and  experiment  is  very  dose 
as  r^ards  the  energy  exerted^  and  the  mean  ^ecbive  pressure; 
being  the  quantities  which  are  of  the  greatest  importance  in 
practices 

For  the  present,  the  quantity  of  steam  acting  as  a  eusfiion 
(Article  262)  is  supposed  either  to  be  inappreciably  small,  or  to 
have  had  its  successive  volumes  calculated  and  deducted,  so  that 
the  diagram  in  fig.  109  is  freed  from  its  effects.  The  effect  of 
**  cushioning  "  steam  will  be  considered  farther  on. 

279.  Wmwmm  •f  BspvcMtoB  r«r  BMervy.— The  following  notation 
will  be  employed  in  formulae  relating  to  the  efliciency  of  steam : — 
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Quantity.  Symbol  ''^SS!  LV"" 

Absolute  preaswres  of  steam — 

During  the  admisRion, p^  OA  =  GB 

At  any  time  during  the  expansion,       p  ordinate  of  B  C 

At  the  end  of  the  expansion, p^  H  C  =  O  D 

During  the  retuiii  stroke, ^3  H  £  =  O  F 

Absolute  ternpercUures — 

Of  the  steam  when  admitted, r^ 

Of  the  steam  at  any  time  dur- ) 

ing  the  expansion, j 

Of  the  steam  at  the  end  of  the  ) 

expansion, j         ^* 

Of  the  feed  water  supj^ed  to  I 
the  boiler, j         ^^ 

TernpercUures  on  ordinary  scale, T^  &c 

Volumes  of  one  lb,  of  steam — 

When  admitted, v^ 

A  t  any  time  during  the  expansion,       v 
At  the  end  of  the  expansion, v^ 

Density  of  steam  in  lbs,  per  cubic 
foot— 
When  admitted, Dj 

Volume    occupied    by  tfie  mass  of 
stea/m,   or  of  steam  amd    liquid 

wUer,  under  considercUion —  

When  admitted, u^  AB  =  00 

At  any  time  during  the  expansion,       u  abscissa  ofB  C 

At  the  end  of  the  expansion, u^=zrur^         DC  =  OH 

Ratio  of  expa/ndoUf r=-*  DC-j-AB 

Energy  exerted  by  one  lb,  of  steam,,, .       XJ 

Energy exertedbythemoM of st^m\    t^  ~  areaABCEFA 

wnder  consideration, J    <?,  area^ui^ 

,,         ^    .                                   U                        areaABCEFA 
Mean  ^ective pressure, p,=—  =Pm  -  Pi   ^=^ 

-,  the  reciprocal  of  the  ratio  of  expansion,  is  called  the  admission^ 

and  sometimes  the  cut  off,  being  the  fraction  of  the  stroke  at  which 
the  admission  of  steam  is  cut  off. 

The  reason  for  having  the  symbol  u^  distinct  from  v,,  to  denote 
the  volume  of  the  mass  of  steam  when  admitted,  is  tnat  it  is  io 
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some  cases  more  oonvenient  to  consider  the  action  of  a  pomid  of 
steam  (in  which  case  u^  =  v-^,  while  in  other  cases  it  is  more  con- 
venient to  consider  the  action  of  so  much  steam  as  occupies  a  cubic 
foot  when  first  admitted  (in  which  case  u^^l);  or  rather,  to  speak 
strictly,  so  much  steam  as  occupies,  when  first  admitted,  one  cubic 
foot  more  than  it  did  in  the  liquid  state;  but  the  difference 
between  these  two  definitions  of  the  mass  of  steam  under  con- 
sideration is  neglected 

The  relations  between  t  (=  T  -f  46r-2  Fahrenheit)  p,  v,  and  D, 
are  given  by  the  formula  of  Article  206,  equations  1  and  2  (page 
237),  and  of  Article  256,  equation  1  (page  326),  and  by  Tables  IV. 
and  VL  (As  to  the  interpolation  of  quantities  in  these  tables,  see 
Article  279  a,  immediately  following  the  present  Article.) 

There  are  two  modes  of  expressing  and  calculating  the  enei^ 
represented  by  the  area  of  the  diagram.  The  first,  which  corre- 
sponds to  that  expressed  for  diagrams  in  general  by  equation  2  of 
Article  263,  is  the  best  suited  for  purposes  of  exact  calculation, 
and  of  reasoning  about  principles;  the  second,  which  corresponds 
to  the  expression  in  equation  1  of  the  same  Article,  is  the  best 
suited  to  a  certain  approximate  method  of  calculation,  which  is 
ex))editious  and  convenient  in  practice. 

IVIethod  I. — 

To  the  area  ABC  D, P'  u  dp 

Add  the  rectangle  D  F  x  C  D, +  1*2  {V2~Pzi 


Then  the  area  ABCEFA  =  ^  U=  i^' udp-\- u^{p^^p^)  (\,) 

^i  J  Pa 

The  int^ral  in  this  expression,  as  will  afterwards  be  shown,  is 
calculable  by  the  aid  of  certain  functions  of  the  absolute  tempeiu- 
tnres  '•j,  r^ 

Method  II. — 

To  the  rectangle  O  A  x  AB,.. p^  u^ 

Add  the  area  G  B C H, +f^pdu 

And  subtract  the  rectangle  O  F  x  F  E  "Ps'^z 


Then  the  area  ABCEFA=~^F=;>ii*i+  H^pdu  -Ps^A^-) 

According  to  this  form  of  expression,  the  mean  effective  pressui-e 
has  the  value 
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in  which  the  symbol  p^  denotes  the  mean  grass  pressure^  or  mean 
foruoard  pressure,  which  is  represented  in  the  diagram  by  the  mean 
height  of  the  line  A  B  0  above  O  X. 

The  convenience  of  this  second  method  arises  from  the  fact,  that 
within  the  limits  of  pressure  and  volume  which  usually  occur  in 
practice,  the  curve  B  C  approximates  to  a  curve  of  the  hf/perbolic 
class;  that  is,  a  curve  in  which  the  ordinate  is  inversely  propor- 
tional to  some  power  of  the  abscissa,  as  expressed  by  the  equation 

P  «  «*"', (4.) 

%  being  an  index  which  is  different  according  to  the  circumstances 
of  the  case,  and  is  to  be  found  by  trial.  When  t  =  1,  the  curve  is 
a  common  hyperbola,  and  the  area  O  A  B  C  H  is 

Pi^  +  r'pdu  =  PiUi'{l-^hj^\ogr); (5.) 

but  in  the  cases  which  occur  in  the  working  of  saturated  steam,  i 
is  fractional,  and  greater  than  1 ;  and  then  we  have 

from  which  is  obtained  the  following  expression  for  the  mean  for* 
ward  or  gross  pressure : — 

ir-'-r"'  ,^, 

P^=Pi'      -.x     (^•) 

Formulae  of  this  kind,  and  tables  computed  by  means  of  them, 
such  as  Tables  VII.  and  VIII.  at  the  end  of  the  volume,  are  con- 
venient in  approximate  calculations  for  practical  purposes,  especiallj 
as  they  do  not  involve  the  temperature. 

279  A.  lutmrpmUktimm  •f  HBABtftles  ta  tke  T«bl««. — ^When  in 
usmg  Table  IV.  or  Table  VI.  for  steam,  or  Table  V.  for  sether,  it 
is  required  to  find  some  quantity  intermediate  between  those  given 
in  the  table,  that  quantity  can  be  found  with  acctu-acy  sufficient  for 
ordinary  purposes  by  the  aid  of  Jirst  differences.  It  is  to  facilitate 
such  interpolation  that  the  logarithms  of  the  pressures,  densities, 
volumes,  and  quantities  denoted  by  L,  are  given,  together  with  the 
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BuccessiTe  differeDces  of  those  logarithms  (denoted  by  A);  because 
the  differences  of  the  logarithms  vary  much  less  than  those  of  the 
numbers  to  which  they  belong. 

Suppose,  for  example^  that  it  is  required  to  find  from  Table  YL 
the  volume  V  corresponding  to  a  pressure  F  which  lies  between 
two  of  the  pressures  given  in  the  table.  Let  P  be  the  next  less 
pressure  to  F  which  is  found  in  the  table,  and  Y  the  correspond- 
ing volume;  then,  approximately, 

log  V  =  log  V  -  aog  F  -  log  P)  •  "/jy  ;.....(1.) 

and  similar  methods  may  be  applied  to  other  quantities.  The  sign 
—  immediately  prefixed  to  ^  log  Y  is  merely  the  algebraical  mode 
of  indicating  that  Y  diminishes  when  P  increases. 

For  example,  let  it  be  required  to  find  the  volume  of  a  pound  of 
steam  in  cubic  feet  when  its  absolute  pressure  is  tivo  atmosplierea, 
or  29 '4  lbs.  upon  the  square  inch,  or  4232*8  lbs.  on  the  square  foot 
=  F.     The  next  less  pressure  in  the  table  is  4152.     Then 

log  F=  3-6266',  log  P  =  36183;  log Y  =  M461; 

A  log  P  =  0-0678;  -  a  log  Y  =  00637; 

and  therefore, 

log  Y'=  M461  -  0-0083  •  ^  =  M383; 

and  Y'=  13-75  cubic  feet  per  lb. 

280.  Sack  PrMMire. — If  the  steam  working  in  steam  engines 
were  unmixed  with  air,  and  if  it  could  escape  without  resistance 
and  in  an  inappreciably  short  time  from  the  cylinder  after  having 
completed  the  forward  stroke,  the  back  pressure  would  be  simply, 
in  non-condensing  engines  (conventionally  called  "high  pressn/re 
enginea")y  the  atmospheric  pressure  for  the  time;  and  in  condensing 
engines,  the  pressure  corresponding  to  the  temperature  in  the  con- 
denser.    This  may  be  called  the  pressure  of  condenscUion. 

The  mean  back  pressure,  however,  always  exceeds  the  pressura 
of  condensation,  and  sometimes  in  a  considerable  proportion.  One 
cause  of  this,  which  operates  in  condensing  engines  only,  is  the 
presence  of  air  mixed  with  the  steam,  which  causes  the  pressure  in 
the  condenser,  and  consequently  the  back  pressure  also,  to  be  greater 
than  the  pressure  of  condensation  of  the  steam.  Por  example,  an 
ordinary  temperature  in  a  condenser  when  working  properly,  is 
about  104°  Fahrenheit,  to  which  the  corresponding  pressure  of 
steam  is  152-6  lbs.  on  the  square  foot,  or  1-06  lbs.  on  the  aquai-e 
inch.     But  the  absolute  pressure  in  the  best  condensers  is  scarcely 
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ever  less  tban  2  lbs.  on  the  square  inch,  or  nearly  double  of  the 
pressure  of  condensation. 

The  principal  cause,  however,  of  increased  back  preasui-e,  ia 
resistance  to  the  escape  of  the  steam  from  the  cylinder,  by  which, 
in  condensing  engines,  the  mean  back  pressure  is  caused  to  be 
from  1  to  3  lb&  on  the  square  inch  greater  than  the  pressure  in  the 
condenser.  There  is  as  yet  no  satisfactory  theory  of  that  resistance, 
so  that  it  cannot  b&  computed  for  any  proposed  engine  by  means  of 
a  general  formula. 

The  back  pressure,  therefore,  in  proposed  condensing  engines, 
can  for  the  present  only  be  estimated  roughly  from  the  results  of 
experience  in  particular  cases.  The  following  is  a  summary  of 
some  such  results : — 

Mban  Back  Prbssdrb,  p^. 
Lbs.  on  the  Lbs.  on  the 


square  fi)ot 

sqaareincfa. 

Eatio  of  expansion  fix)m  i^  to  3,... 

720 

5 

„             „         from  4  to  7,.... 

648  to  504 

4ito3i 

„            „         from  8  to  15,... 

504  to  432 

3*  to  3 

There  is  a  deficiency  of  precise  experimental  data  on  this  sub- 
ject, because  of  the  fr^uent  omission  to  observe  the  atmospheric 
oarometer  at  the  time  when  the  indicator  diagrams  of  steam  engines 
are  taken.  The  consequence  of  that  omission  is,  that  the  diagrams 
show  only  the  effective  pressures  of  the  steam,  and  not  the  abeoltUe 
pressures,  which  are  left  to  be  roughly  estimated  by  guessing  the 
probable  atmospheric  pressure. 

It  is  certain,  that  if  sufficient  experimental  data  existed,  the 
back  pressure  would  be  found  to  vary  with  the  speed  of  the  engine, 
being  greater  at  higher  speeds,  and  also  with  the  density  of  the 
steam  at  the  commencement  of  the  exhaust,  and  with  the  size  of 
the  exhaust  port  through  which  it  escapes  from  the  cylinder 

In  non-condensing  locomotive  engines,  a  great  number  of  oxperi- 
mental  data  as  io  back  pressure  have  been  collected  and  arranged, 
and  to  a  certain  extent  reduced  to  a  system  of  laws,  in  Mr.  D.  K. 
Clark's  work  On  Railtoay  Machinery*  That  author  finds,  that  the 
eoDcese  of  the  back  pressure  above  the  atmospheric  pressure  varies 
nearly — 

As  the  square  of  the  speed; 

As  the  pressure  of  the  steam  at  the  instant  of  rdeaee;  that  is,  of 
the  commencement  of  the  exhaust ; 

Inversely  as  the  square  of  the  area  of  the  orifice  of  the  blast 
pipe,  through  which  the  steam  is  blown  into  the  chimney  to  pro- 
duce a  draught 

Mr.  Clark  also  finds,  that  the  excess  of  back  pressure  is  less,  the 
greater  the  ratio  of  expansion ;  that  it  is  less,  the  longer  the  time 
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during  which  the  eduction  of  the  steam  lasts;  and  that  it  is  in- 
creased by  the  presence  of  liquid  water  amongst  the  steam,  being 
in  certain  cases  greater  in  unprotected  than  in  protected  cylinders 
in  the  ratio  of  1-72  to  1. 

As  an  example  of  specific  results  obtaioed  by  Mr.  Clark,  it  may 
be  stated,  that  "  with  a  mean  of  16  per  cent  of  release," — that  is, 
with  the  exhaust  port  opened  when  the  piston  had  performed  0*84 
of  its  forward  stroke — "  with  an  admission  of  half  stroke," — that 
is,  with  the  ratio  of  expansion  2,  nearly,  "and  with  a  speed  of  piston 
of  600  feet  per  minute;"  the  excess  of  the  back  pressure  aboye 
the  atmospheric  pressure,  in  protected  cylinders,  was  about  0-1 63  of 
the  excess  of  the  pi'essure  of  the  steam  at  the  instant  of  release 
above  the  atmospheric  pressure. 

It  is  probable,  that  the  general  results  arrived  at  by  Mr.  Clark 
may  be  safely  applied  to  all  engines,  whether  condensing  or  non- 
oondensing,  to  the  following  extent : — 

TJuU  in  the  same  engine,  going  at  the  same  speed,  the  excess  of  the 
mean  hack  pressure  above  the  pressure  of  condensation,  varies  nearlt^ 
as  the  density  of  the  steam  at  the  end  of  the  expansion; 

And  thcU  in  the  same  engine,  with  the  same  density  ofsteami  at  the 
end  of  the  foruKvrd  stroke,  thai  excess  of  back  pressure  varies  nearly  • 
as  the  square  of  the  speed, 

281.  Therai«dyBanitc  FmbcH«b,  and  Adtabatie  Canre,  far  Ultxed 
Water  and  Sceaai. — When,  as  in  the  present  investigation,  the 
volume  of  a  pound  of  water,  and  its  variations,  are  treated  as 
insensibly  small,  the  value  of  the  thermodynamic  Unction  consists  . 
simply  of  the  first  term  of  the  expression  in  Article  246,  equation 
1 ;  that  is  to  say,  , 

J  hyp  log  T ;  '"^ 

J  denoting,  as  usual,  Joule's  equivalent,  or  the  dynamical  value  of 
the  specific  heat  of  water.  Suppose  the  pound  of  water  to  be 
raised  from  a  fixed  temperature  to  any  given  absolute  temperature 
T,  and  then  to  be  either  wholly  or  partially  evaporated ;  and  let  u 
be  the  volume  of  the  steam  produced,  which  for  total  evaporation 
is  equal  to  v,  the  volume  of  one  pound  of  saturated  steam  at  the 
given  boiling  point,  and  for  partial  evaporation,  may  have  any 
value  less  than  v.  Then  from  Article  255,  equation  1,  it  is  evident, 
that  to  complete  the  thermodynamic  function  for  the  aggregate  of 
water  and  steam,  we  must  add  to  the  expression  already  found  for 
the  water  in  the  liquid  state,  the  following  quantity : — 

dp 

^ving  for  the  complete  thermodynamic  function  for  one  lb.  ofuxUer 

ond  steam — 

2c 
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^  ==  J  hyp  log  r  +  u  j| •..{!.) 

[Tlie  same  expression  may  be  made  applicable  to  any  other  fluid 
by  putting  instelEul  of  J,  J  c,  the  dynamical  speciHc  heat  of  the  fluid 
in  question  in  the  liquid  state.] 

The  equation  of  an  adiabatic  curve  is 

p  =  constant 

This  enables  us  to  find  the  equation  of  the  form  of  the  curve  B  C 
in  the  diagram,  fig.  109,  Article  278,  when  that  curve  is  adiabatic ; 
that  is,  when  the  steam  expands  without  receiving  or  giving  out 
heat.  Attending  to  the  notation  of  Article  279,  we  have,  in  the 
present  case,  for  the  point  B  in  the  cui-ve, 

and  for  any  other  point, 

J  hyp  log  T  +  «  j£  =  J  hyp  log  r,  +  r,  ^>  ;.....{2.> 

from  which  is  easily  deduced  the  following  ex[>i'e8sion  for  the 
volume  u  occupied  by  one  lb.  of  water  and  steam  at  any  pressure 
p:— 


«  =  j-.(jhyplog.Li  +  .^^), (3. 


) 


When  common  instead  of  hyfjerbolic  logarithms  are  used  in  the 
calculation,  for  J  =  772  is  to  be  substituted, 

J  hyp  log  10  =  772  X  2-3026  =  1777-6. 

According  to  Article  255,  equation  3, 

-^^^=;,(J+?-?)bypl«glO; (4.) 

*by  means  of  which  formula,  with  the  aid  of  equation  1  of  Article 

306,  and  the  constants  given  in  page  237,  -J-  c&&  be  computed. 

The  use  of  the  equation  3  for  computing  the  value  of  u  may  be 
much  facilitated,  by  employing  the  values  of  L,  the  l^erU  heat  per 
cubic  foot,  which  are  given  for  steam  in  Table  IV.  (and  for  setlier 
in  Table  V.);  for  according  to  Article  255,  equation  2  (neglecting 
the  volume  of  the  liquid  water), 
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dp L 


80  tfai^t  equation  3  of  this  Article  becomes 


,  =  l(jhyplog5+!iAi) (5.) 


A  convenient  modification  of  equations -3  and  S  is  the  follow- 
ing:— 

Let  the  weight  of  steam  under  consideration  be  D,  =  —^  so  that 

its  initial  volume  v^  is  one  ciUnc  foot.     Then,  instead  of  u  may  be 

put  r  (  =  —  j ,  the  rcUio  in  which  the  steam  is  expanded;  so  that  we 

have  for  the  value  of  that  ratio, 


dr 

=  1  (j  Dihyplog^  4-^) (6.) 


382.  Approximate  Formnla  for  Adlnballc  Carre. — From  the  re- 
sults of  numerical  calculations  of  the  co-ordinates  of  adiabatic 
curves  for  steam,  it  has  been  deduced  by  trial,  that  for  such  pres- 
sures as  usually  occur  in  the  working  of  steam  engines,  the  relation 
between  those  co-ordinates  is  approximately  expressed  by  the 
following  statement : — t^ie  pressure  varies  nearly  as  tfie  reciprocal  of 
the  teniUi  power  of  the  ninth  root  qftfie  space  occupied;  that  is  to  say, 
in  symbols 

_io 
p  cc  u     9  neai-ly (1.) 

This  formula  belongs  to  the  class  already  explained  in  Article 
279,  Method  IL ;  the  value  of  the  exponents  and  co-efficients  being 

The  preceding  equation  1,  and  those  deduced  from  it,  are  most 
expeditiously  employed  by  the  aid  of  a  table  of  logarithms.  In  the 
absence  of  a  table  of  logarithms,  the  nint^^  root  of  any  ratio  can  be 
found  by  extracting  the  cube  root  of  the  cube  root,  either  by  the 
aid  of  a  table  of  cube  roots,  or  by  ordinary  arithmetic. 

283     liHacfiicltoM  of  Steaat  H  oiking  KxpaiuiTclr. — The  volume 
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of  one  pound  of  saturated  steam  (neglecting  the  volume  of  the  liquid 
water),  according  to  Article  256,  equation  1,  is 


.(1.) 


H'  being  the  latent  heat  of  evaporation  of  one  pound.  It  appears 
by  computation,  that  the  volume  u  given  by  equation  3  or  equation 
6  of  Article  281  is  leas  than  v  in  all  cases  which  occur  in  practice; 
from  which  it  follows,  that  when  steam  expands  in  driving  a 
piston,  and  receives  no  heat  from  without,  a  portion  is  liquefied. 

To  find  under  what  conditions,  and  to  what  extent  this  conden- 
sation by  expansive  working  will  take  place,  we  have  for  the  jmv 
poHion  borne  by  the  condensed  steam  to  the  whole  mass  of  steam 
and  water,  the  following  expression : — 


V  — 
V 


"  =  i--H-'(jhypiogJ  +  .'.^^j) (2.) 


The  value  of  H'  is  given  approximately  in  foot-lbs.  per  pound  of 
iteam  by  the  formula 

H'  =  a  -  6  T  =  1109550  -  540-4  r (3.) 

For  any  other  fiuid,  J  o  would  have  to  be  put  instead  of  J,  and  for 
a  and  b  their  proper  values,  supposing  them  to  have  been  ascer- 
tained. 

It  may  be  shown  by  an  investigation,  which  it  is  unnecessary 
here  to  give  in  detail,  that  the  expression  (2)  is  always  positive  so 
long  as 

rj  is  less  than  ^  (=  1437^2  for  steam  =  46r-2  +  976^Y 

The  principle  just  stated,  as  to  the  liquefaction  of  vapours  by 
expansive  working,  was  arrived  at  contemporaneously  and  inde|)en- 
dently,  by  Professor  Clausius  and  the  Author  of  this  work  in  1849. 
Its  accuracy  was  subsequently  called  in  question,  chiefly  on  the 
ground  of  experiments  which  show  that  steam,  after  being  expanded 
by  being  "  wire-drawn,"  that  is  to  say,  by  being  allowed  to  escape 
through  a  narrow  orifice,  is  super-heated,  or  at  a  higher  tem|)era- 
ture  than  that  of  liquefaction  at  the  reduced  pressure.  Soon 
afterwards,  however,  Professor  William  Thomson*proved  that  those 
experiments  are  not  relevant  against  the  conclusion  in  question,  by 
showing  the  difi'erence  between  the  free  easpansion  of  an  elastic 
fluid,  in  which  all  the  energy  due  to  the  expansion  is  expended  in 
agitating  the  particles  of  the  fluid,  and  is  reconverted  into  heut, 

•  Now  Lord  KeWin. 
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And  the  expansion  of  the  ttame  fluid  under  a  pressure  eqtud  to  its 
uum  Mcuticity,  i^hen  the  energy  developed  is  sdl  counuunicated  to 
external  bodies,  sucb,  for  example,  as  the  piston  of  an  engine. 

284.  mmeimmej  of  Steam  !■  »  Non-coadacilag  CyllMder. — In  th« 
preeent  Article,  the  cylinder  is  supposed  to  be  sufficiently  protected 
against  any  appreciable  loss  of  heat  by  conduction ;  and  the  steam 
is  assumed  to  expand  without  receiving  or  emitting  heat,  so  that 
B  0  in  fig.  109,  Article  278,  is  an  adiabettic  curve. 

The  area  A  B  G  D,  contained  between  that  curve  and  the  straight 
lines  A  B^and  C  D,  corresponding  to  the  pressures  p^  and  p^  at  the 
beginning  and  end  of  the  expansion,  has  the  following  value,  when 
the  mass  of  steam  under  consideration  is  one  pound:  — 

ABCD  =  /^udp=/^«/;,-^(jhyplog5+.,-^) 

In  fluids  other  than  water,  J  c  is  to  be  put  instead  of  J. 
Inasmuch  as  the  latent  heat  of  evaporation  of  one  pound  of  steam 


at  r^  id 


i,^  Tj  ^  =  H'  =  a-6  ^1  =  1109550  - 5404  ^^  nearly, 


we  may  transform  the  expression  1  into 

J  {  '1    't  (l  +  hyp  log  7^)  }  +  '^  H' (1  A.*) 

It  is  often  convenient  to  consider  the  action,  not  of  one  potmd  of 
steam,  but  so  much  steam  as  fills  one  cubic  foot  when  first  admitted 
into  the  cylinder  at  the  pressure  py     In  this  case,  we  have 

A  B  =  ttj  =  1  cubic  foot; 

D  0  r=  u^  =  r  ratio  of  expansion ; 

and  the  area  A  B  0  D  is  found  by  multiplying  the  expression  (1) 

*  In  nsing  the  fbrmul«  t  and  1  a,  and  tboee  deduced  from  them,  the  loUowing 
appcoadmatioDs  are  oonvenient: — 

'I  -  %  ^  +  byp  log  "A  =  ~=:^  >«»'»/• 
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bj  Dj  =  — ,  the  weight  of  one  cubic  foot  of  saturated  steam  at  tlM 
pressure  of  admission.     Observing  further,  that 

we  find,  per  cubic  foot  of  fleomx  admiUedy 

A  B  CD  =  J  Di  {  r,-,,  (l  +  hyplog  ^)  }  +  '-i^   L,;  ..(1) 

in  which  Dj  and  L^  can  be  found  from  Table  IV. 

From  the  above  equation  2,  and  the  properties  of  the  adiabatic 
curve  already  explained  in  Article  281,  are  deduced  the  following 
formula,  most  of  which  have  reference  to  the  action  of  one  oubie 
foot  of  steam  admitted;  pressures  being  expressed  in  lbs.  on  th$ 
square  foot : — 

Data. 

p^f  absolute  pressure  of  admission ; 
P2f  absolute  pressui-e  at  end  of  e>pa  ision; 
^3,  mean  absolute  back  pressui'e; 

T^  (=  T4  +  46r-2  Fahi-enheit),  absolute  temperature  of  feed 
water; 

T^  ordinary  temperature  of  condensation ; 
T^  ordinary  temperature  of  atmosphere. 

Results. 

Temperatures  coirespondiug  to  the  several  pressures  to  be  found 
by  equation  2,  Article  206,  or  by  Table  IV. 
Baito  ofexpaiision — 

f|=.=  ^(772D,hyplogn  +  L.), (3.) 

Energy  per  cubic  foot  of  steam  admitted — 

UD,=JD,{.,-.,(l+hyplogi)}+i;:-^^L, 

+  »•  (Pb-Ps); (•*•) 

Mean  effective  pressure,  or  energy  per  cubic  foot  svjept  tfirough  6y 
piston — 
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Forlba.  on  the  square  inch,  divide  this  by  144. 
Heat  expended  per  culm  foot  of  steam  admitted — 

H,D,  =  JDi(ri-c,)  +  L,; (6.) 

Heat  expended  per  cubic  foot  swept  through  by  piston,  or  pressure 
equivalent  to  heat  expended — 

5l£ij (7.>. 

Efficiency  of  steamy  ==r  ; (8.)« 

Net  feed  vxUer  per  cubic  foot  of  steam  admitted  — 

Di: • (n 

Net  feed  water  per  cubic  foot  swept  through  by  jAstwi — 

7^5 0«> 

Heai  rejected  per  cubic  foot  of  steam  admitted — 

H,D,  =  (Hj-U)Dj; (11.), 

Heat  rejected  per  cubic  foot  swept  through  by  piston — 

H»Di^(Hi-XJ)D..  .j2. 

r  r  ' ^     *' 

Lbs.  of  water  to  be  injected  into  tlte  condenser  (if  any)  to  abstract 
thalheatr— 

rJ{%-T,)' ^'^'^ 

Cubic  feet  to  be  swept  through  by  the  piston  per  minute,  for  each 
indicated  horse-poujer — 

33000  _  33000  r  ... 

P^^^z"    XJD,   ' ^'*> 


Available  heat  expended  per  indicated  horse-poioer  per  hovr — 

1980000  ?A.. 
The  foUowiBg  is  a  numerical  example : 


1980000  ?A (15.) 
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Data. 

Pranores.  Lb«.  per  square  inch.     Lto.  per  squire  foot 


Initial,  py 

Final,  p^^ 

Back  pressure,  pg. 

Temperatures. 

Of  feed  water  (4.) 

Of  condensation  (5.) 

Of  atmosphere  (6.) 


3371 

io'i6 

500 

Ordinary,  T. 

104 
59 


4854 

1463 

7ao 

Absolute,  9 

656-3 

5652 
5202 


Results. 


Quantities  found  by  Table  IV.        F. 
CoiTesponding  to  p^.        257 
»      Pi-        194 

EcUio  0/ expansion — 

655-2 


718-2 
6552 


L. 
59720 
20280 


D. 

0-08285 
0-02685 


718-2      59720\ 


Energy  per  cubic  foot  of  steam  admiUed — 

718 
655-2. 


U  Di  =  772  X  0-08285  |  7 18-2  —  655-2  (l  +  hyp  log 
+  -^X  59720+2-875x743 

=  182  +  5239  +  2136  =  7557  foot-lbs. 
Mea/n  effective  pressure — 

ILPi  =  l^'^  =  2629  lbs.  on  the  square  foot 
r        2-875 

as  18-25  lbs.  on  the  square  inch. 
Heal  expended  p^  cubic  foot  of  steam  admitted — 

Hi  Dj  =  772  X  0-08285  (718-2  —  6b(^2)  +  59720 
=  10362  +  59720  =  70082  foot-lbs. 
Heat  expended  jjer  cubic  foot  swept  through  by  piston,  or  pressure 
equivalent  to  heat  expended — 

Hi  Dj  ^  70082  ^  ^^g^g  j^^  ^^  ^j^^      ^^  ^^^ 
r  2-875  ^ 

K  169*3  lbs.  on  the  square  inch. 
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Efficiency  ofsUam — 

U_  7557,2629        18-25 

Hi "70082"  24376  ~  169-3   -"^"''• 

Nit  feed  water  per  cubic  foot  sicept  through  by  piston^ 

-  ^  =  ^l-  =  0*0288  lb.  =  0-00046  cubic  foot  nearly. 

Heat  reeded  per  cubic  foot  of  steam  admitted — 

Hg  Di  =  70082  —  7557  =  62525  foot-lba 
Heat  rejected  per  cubic  foot  swept  through  by  piston — 

^g^  =  24376 -2629  =  21747. 

Injection  t4xUer  required  to  condense  tfie  steam,  per  cubic  foot  su)ej4 
through  by  piston — 

Cubic  feet  to  be  swept  tfvrough  by  the  piston  per  minute,  for  eadi 
indicated  horse-power — 

??^^^  12-55 
2629 

(or  12-55  X  60  s=  753  cubic  feet  per  hour). 

Available  heat  expended  per  indicated  horse-power  per  hour — 

1,980,000  ,o«oi  .AAi.    .lu 

^  .  ' ^TT-x^^  =  18,384,400  foot-lbs. 

efficiency  =  01077         '       ' 

To  show  how  this  expenditure  of  available  heat  is  connected 
with  the  consumption  of  coal,  let  the  coal  be  of  such  a  quality, 
that  the  total  heat  of  combustion  of  one  lb.  of  it  is 

10,000,000  foot-lba. 

(corresponding  to  a  theoretical  evaporative  power  of  about  13-4). 

Let  the  efficiency  of  the  furnace  be  0-54;  so  that  the  available 
heat  of  combustion  of  one  lb.  of  coal  is 

5,400,000  foot-lbs. 

Then  the  consumption  of  coal  in  the  engine  now  under  oonsideiu- 
tion,  per  indicated  horse-power  per  hour,  is 
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18384400 
O400000 

The  following  are  some  deductions  from  the  previous  oalcul* 
tions:  — 

Xet  fe^l  water  per  %n(fic(Ued  hdree-fiower  ^m  hour-^ 

00288  X  753  =r  21*7  lbs,  -^ 0-347  cubic  foot 

Injectimi  vxUer  per  vidieated  horeepower  per  Kaur-^ 

0G26  X  753  =  471*4  llw. ^ 7-54  cubic  feet^ 

*2^'y    .4|>|ir«xiiMaie   Fvnniilit    for  t^«M-r«M4Mi'iiii||   €')lln4lrri. — Tho 

fonuulw  in  the  juvotnUng  Article  which  gi\e  tlie  meau  effective 
pi-essui^e,  and  tlie  wovlc  of  a  given  quantity  of  steam,  are  ineoil* 
veniont  in  i»nictitM^  t'nan  tho  length  of  the  oiUcu  la  tions  which  their 
use  involves,  and  ihm\  the  eiixnunstauoe,  that  althougli  they  serve 
to  compute  ilireetly  tlie  mtio  of  ex))anHion  when  the  initial  and 
final  prewiu-eH  are  given,  they  cannot  l)0  so  emnhiyed  when  the 
initial  pit'ssnix'  and  mtio  of  exjMnHion,  hut  not  tlie  final  pressure, 
aiv  given,  except  by  the  aid  of  a  ttMlituis  pn>ce«s  of  trial  and  error. 
For  |>raetioal  use  in  oixlinary  ciweH,  thereftnx*,  it  is  desirable  to 
have  a  set  of  formula)  in  which  the  computiitions  are  less  tedious, 
and  which  can  l>e  used  iliix'ctly  when  the  ratio  of  exitansion  is  (me 
of  the  dattu  When  the  initial  pix«ssure  is  not  less  than  one  atmo- 
spheiv,  nor  nion*  than  tw(>lve  atmosphert^s,  such  a  S4)t  of  formula, 
sufficiently  accmtite  in  all  ordinary  oasiw,  are  deduced  from  the 
fai^t,  already  stated  in  Ai«ticle  2H2,  that  during  the  ex|iansive 
working  of  st(»ani  representtMl  by  an  adiabatic  line, 

10 

p  X  u  ■  u   nearly. 
The  f<»Howing  are  the  formuhe  thus  obtained: — 

Data* 

jt^i,  absolute  pivbsure  of  admissitm; 

r,  iiitit)  of  (*x|)anHion ; 

p^,  mean  alwolute  I  a"k  ])i*esHure ; 

r^,  ai)S()lute  tempenitui'c  of  feed  water— 

T^,  t«MniKimture  of  condensation ; 
T,3.  teiupemtui'e  of  atmospheiv, 

*  The  rutulnmrntal  fnrninla*  of  Article  2S4  w«ra  flnit  piiblUhfd  In  s  I>aptr  ttnt  !• 
the  Koyal  SiK-ietv  in  December,  1863,  and  publiHhed  in  tlie  Phi/o$ophkiil  7Vaiw«»e* 
titmn  for  1K51.  The  nttme  fnrnmlw  ^ert  aliio  dlKuv«r«d  indeprndmily  b.v  Profciwir 
ClMUKius  aUntt  ISJ.'i,  and  published  by  htm  in  Poggandurffa  AnntdrntoTlUb^ 
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Results. 

10 

Firud  pressure,  Pi=Pi'^     •» i^-) 

Mean  Mai  preisure — 

p.  =  Pi  (lOr--  9r-T)^ (2.) 

Mean  effective  pressure — 

P.=^P^  —  Ps-P^i^^r-'-^^^'^)—Pz (3.) 

The  three  preceding  formulsB  are  applicable  to  pressures  expressed 
in  any  kind  of  units. 

/Energy  per  cubic  foot  of  steam  admitted — 

rA  =  r(i>«  — ;?8)  =  />i(l0  — 9r-»)— rpj; (4.) 

in  which  the  pressures  are  in  lbs.  on  the  square  foot. 

To  facilitate  the  use  of  these  formula,  the  values  of  the  ratios 

i-2  =  10r-»— 9r""7; 
Pi 

and  -^=10  — 9  r-?; 

Pi 

and  their  reciprocals,  are  given  in  Table  VII.  at  the  end  of  the 

volume,  for  values  of  the  "  admission  "  or  "  cut  off,"  -,  increasing  at 

first  by  differences  of  0*025,  and  afterwards  by  differences  of  0  05. 
Intermediate  values  of  the  above  ratios  can  easily  be  computed, 
-when  required,  from  those  given  in  the  table,  by  interpolation. 

Where  the  approximate  formulae  of  the  present  Article  are  used 
for  calculating  the  energy  exerted,  and  the  mean  effective  pressure, 
the  expenditure  of  h<^at,  the  feed  water,  injection  water,  <fec.,  may 
easily  be  computed  by  the  formula  already  given  in  the  preceding 
Article.  But  in  cases  where  special  accuracy  is  not  required,  the 
expenditure  of  heat  may  be  computed  approximately  with  less 
trouble  by  the  following  approximate  formulae : — 

Heat  expended  in  foot-lbs.  per  cubic  foot  of  steam  admitted — 

H,D,  =  13ijt>,  + 4000  nearly, ..(5.) 

/^i  being  in  lbs.  on  the  sqvarefoot  \ 

HeaX  eat^nded  per  cubic  foot  swept  through  by  piston,  or  pressure 
equivalent  to' heat  exp&ndedr^ 

H.  Di     13A  ».  +  4000  lbs.  per  square  foot 
^TT^^ r ^' ^^^ 
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Equivalent  pressure  in  )       13J/;i  +  27*7  lbs.  per  square  inch  .^ 
lbs.  per  square  inch  ]  *  ~~  ^  *'   ^' 

In  the  following  numerical  example,  the  preceding  approximate 
formulae  are  applied  to  the  case  alre«tdy  calculated  in  the  preceding 
Article,  the  ratio  of  expansion  being  supposed  to  be  given. 

Data. 

Initial  pressure,    p-^  -  33-71  lbs.  per  square  inch  ; 
Katio  of  expansion,         r  =  2-875,  ao  that 

AdmLssion,  -  =  0-348 ; 
r 


Mean  back  presMur 

p,  =  5  lbs.  per  square  incL 

Results. 
Computation  of  the  ratio  — ,  from  Table  VII.— 


r  r 


Pi  Pi 


•3  -639 


•05  058=  -  -Ixlienearl^ 


•35  -697 

Therefore,  for  i  =  -348  =  35  —  -002, 

r 


'  =  -697  —  002  X  116  =  -695  nearly; 


P*. 

Pi 
Mean  total  pressv/rs — 

p^  =  33-71  X  -695  =  23-43  lbs.  on  the  square  inoL 
Mean  effective  pressure — 
p4=Pm—P9  =  23-43  —  6O0  «  18-43  lbs.  on  the  square  inch; 

Tlie  same  as  computed  by  )    iq  or 

the  exact  formula J    ^  "  » 

Difference^ +018         „  ^ 

<*r  aboqt  iBT. 


\ 
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Pr^uurt  equivalent  to  heat  expended — 

13^x33-71 +  27-7     ,^^,^ 

— 9.Q7;g =  166  lbs.  on  the  square  men; 

The  same  as  computed  )     i  no  ^ 
by  the  exact  formula,  /     ^^^*^         ** 

Difference, —  3*3         „  • 

or  about  -rv. 

18*43 
Efficiency  of  Hie  steam,  -^r^  =  OHIO 
loo 

The  same  as  computed  by  )      o*107'* 
the  exai^t  formulse, / 

Difference, +  00033 

or  about  t^. 

The  errors  arising  from  the  use  of  the  approximate  formulae,  of 
which  examples  have  just  been  givep,  are  in  most  cases  practically 
unimportant* 

286.  rse  of  the  StcuH  .Vackfl,  aMd  Hot  Air  Jnckcl.t — The  con- 
clusion theoretically  demonstrated  in  Article  283,  that  when  steam 
or  other  saturated  vapour  in  expanding  performs  work  by  driving 
a  piston,  and  receives  no  heat  from  without  during  that  exi>aDsion, 
a  portion  of  it  must  be  liquefied,  is  confirmed  by  experience  in 
actual  steam  engines;  for  it  has  been  ascertained,  that  the  greater 
part  of  the  liquid  water  which  collects  in  unjacketed  cylinders,  and 
which  was  once  supposed  to  be  wholly  carried  over  in  the  liquid 
state  from  the  boiler  (a  phenomenon  called  "  priming")  is  produced 
by  liquefaction  of  part  of  the  steam  during  its  expansion ;  and  also 
that  the  principal  effect  of  the  **  jacket"  or  annular  casing  envelop- 
ing the  cylinder,  filled  with  hot  steam  ftt)m  the  boiler,  which  waa 
one  of  the  inventions  of  Watt,  is  to  prevent  that  liquefaction  of  the 
steam  in  the  cylinder. 

That  liquefaction  does  not,  when  it  first  takes  place,  directly 
constitute  a  waste  of  heat  or  of  energy;  for  it  is  accomi)anied  by  a 
corresponding  performance  of  work.  It  does,  however,  afterwards, 
by  an  indirect  process,  diminish  the  efficiency  of  the  engine ;  for 
the  water  which  becomes  liquid  in  the  cylinder,  proWbly  in  the 
form  of  mist  and  spray,  acts  as  a  distributer  of  heat,  and  equalizer 

*  These  approximate  formoln  were  first  pnbl'shed  in  A  Manual  t^  Applitd 
Meckames,  1858,  Anicle  656. 

t  Arides  286,  287,  288,  ard  289,  are  to  a  grent  extent  extracted  and  nhriAfu^ 
from  a  paper  read  to  the  Royal  Society  in  January,  1869. 
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of  temperature,  abstracting  heat  from  the  hot  and  denae  st^am 
during  its  admission  into  the  cylinder,  and  communicating  thai 
heat  to  the  cool  and  rarefied  steam  which  is  on  the  point  of  being 
discharged,  and  thus  lowering  the  initial  pressure  and  increasing 
the  final  pressure  of  the  steam,  but  lowering  the  initial  pressure 
much  more  than  the  final  pressure  is  increased;  and  so  producing 
a  loss  of  energy  which  cannot  be  estimated  theoretically.  Accord- 
ingly, in  all  cases  in  which  :steam  is  expanded  to  more  than  three 
or  four  times  its  initial  volume,  it  has  in  practice  been  found 
advantageous  to  envelop  the  cylinder  in  a  steam  jacket.  The 
liquefaction  which  would  othei'wise  have  taken  place  in  the 
cylinder,  takes  place  in  the  jacket  instead,  where  the  presence  of 
the  liquid  water  produces  no  bad  efiect;  and  that  water  is  returned 
to  the  boiler. 

In  double  cylinder  engines,  where  the  expansion  of  the  steam 
begins  in  a  smaller  cylinder,  and  finishes  in  a  larger,  the  usual 
})i'actice  is  to  have  steam  jackets  round  both  cylinders ;  but  in  m 
few  examples  in  which  the  smaller  cylinder  alone  is  jacketed,  the 
liquefaction  is  found  to  be  prevented,  showing  that  the  steam 
during  its  passage  from  the  small  into  the  large  cylinder,  receives 
sufficient  heat  either  directly  from  the  small  cylinder,  or  indirectly 
by  conduction  from  the  small  to  the  large  cylinder  (which  is  in  close 
contact  with  the  small  cylinder),  to  prevent  any  appreciable  portion 
of  it  from  condensing. 

It  is  desirable  that  a  small  quantity  of  the  steam,  not  a|)preciable 
in  calculating  the  efficiency  of  the  engine,  should  be  liquefied,  in 
order  to  lubricate  the  packing  of  the  piston.  This  generally  does 
take  place  in  jacketed  engines,  and  is  probably  the  efiect  of  attrac- 
tion between  the  particles  of  water  and  the  metal. 

The  efiect  of  a  steam  jacket  in  preventing  condensation  may  be 
I»ii>duced  by  a  hot  air  jacket;  that  is,  by  a  flue  round  the  cylinder. 

Both  the  sides  and  hwIa  of  steam  cylinders  have  l)een  frequeutly 
cast  so  as  to  provide  for  this  superheating,  but  cylinders  are  now 
cast  without  any  provision  for  jacketing,  as  auy  a<lvantage  gained 
through  more  complete  expansion  is  lost  by  the  greater  wear  of  the 
surfaces,  due  to  the  increased  heat  attending  high  pressures. 

287.  Eacirncy  mf  Dry  Sainrnicd  Sicaat. — In  the  following  inves- 
tigation, it  is  assumed  that  the  steam  in  the  cylinder,  while 
expanding,  receives  just  enough  of  heat  from  the  steam  in  the 
jacket  to  prevent  any  appreciable  jmrt  of  it  from  condensing,  with- 
out superheating  it  This  assumption  is  founded  on  the  fact,  that 
diy  steam  is  a  bad  conductor  of  heat  as  compai*ed  with  liquid  water, 
or  with  cloudy  steam,  and  that  after  cloudy  steam  has  received 
enough  of  heat  to  make  it  dry,  or  nearly  dry,  it  will  receive  addi- 
tional heat  very  slowly. 
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The  assumption  is  justified  by  the  fsiCt,  that  Hr  results' ai-e  c«>ii- 
■  finned  by  experiment. 

The  symbol  v  is  used  to  denote  the  volume  of  one  pound  of  steam 
in  cubic  feel,  and  the  symbol  p  to  denote  pressure  in  poinds  on  the 
aqua/nfoot^  so  that  preasure  in  pounds  on  the  square  inch  is  denoted 

^  144 

In  fig.  1 10,  let  6  G  K  be  the  curve  whose  co-ordinates  represent 
the  volumes  and  pressures  of  diy  saturated  steam. 


Let  O  A  =  P|,  and  A  B  =  r^,  represent  the  pressure  and  volume 
of  admission,  and  Tj  the  corresponding  absohitc  temjierature ; 

Let  O  D  = />2,  and  D  C  =  r^,  represent  the  pressure  and  vohime 
at  the  end  of  the  ex])Hiision,  and  tj  the  coiTCsponding  absolute 
temperature;  then 

-*  =  r  is  the  rcUio  of  expatision,  and 


r      1 

~  =  -  the  admission^  or  effective  cut-offi 

v^     T 

Let  O  F  =  />jj  be  the  pressure  of  exhaustion ; 
Let  T^  be  the  absolute  tem|)erature  of  the  feed  water. 
The  energy  exerted  by  one  pound  of  steam  is  represented  by  the 
area  of  the  diagram,  consisting  of 


the  area  A  B  C  D  = 


J  ;/8 


and 


the  area  lStYI>C  =  v^{p^  —  Pj); 

while  the  expenditure  of  heat  per  pound  of  steam  consists  of  the 
following  parts : — 

The  sensible  heat  J  (t^  —  t^);  the  latent  heat  of  evanoi-ation 
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at  Tj ;  and  the  latent  heat  of  expansion,  which  is  oommnnioated 
from  the  steam  in  the  jaoket  to  that  in  the  cylinder. 

The  work  of  one  pound  of  dxy  saturated  steam  exceeds  that  of 
one  pound  of  steam  which  expands  from  the  same  initial  pressure 
to  the  same  final  pressure  without  receiving  heat,  to  an  amount 
represented  by  the  excess  of  the  area  A  B  C  E  F  A  above  the  cor- 
responding area  for  an  unjacketed  cylinder,  while  the  expenditure 
of  heat  is  greater  by  the  quantity  which  the  steam  in  the  cylinder 
receives  during  the  expansion  represented  by  the  curve  B  C. 

The  latent  heat  of  evaporation  of  one  pound  of  steam  at  the 
absolute  temperature  r,  may  be  expressed  with  accuracy  sufficient 
for  the  purposes  of  the  present  investigation,  by  the  formula 

H'=a  — ftr; (1.) 

where 

a=  1109550  foot-lbs.; 

b  =s  540*4  foot-lbs.  per  degree  of  Fahrenheil 

To  find  the  area  A  B  C  D  A,  which  represents  part  of  the  energy 
corresponding  to  any  value  of  p,  the  value  of  v  is  to  be  expressed 
in  terms  of  H',  the  con'es|x)nding  latent  heat  of  evaporation, 
according  to  the  principle  of  Article  256,  giving 

„  «-ft^ (lA.) 

*-    dp ' 

which,  being  multiplied  by -7^  dr,  and  integrated  between  r^  and 

Tg,  the  initial  and  final  temperatures  of  the  eximnding  steam,  w# 
obtain  for  the  area  A  B  C  D  A — 


Ji'^p-ni'-")'" 


Tl 


=  a-hyp.  log.  ^^  -6(t,  -Ti); (2.) 

to  which,  adding  the  rectangle  D  C  E  F,  the  energy  exerted  on  the 
piston  by  one  pound  of  steam  is  found  to  be 

=  a-hyp.log.  ^^  -b{T,^r,)^v^(p,^p^); (3.) 

in  which 

a  =  1109550  foot-lbs. ;  b  «  640-4  foot-lba  per  degree  of  Fah. 
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The  MBAjr  BFrEcriVB  pressure,  or  work  per  unit  of  volume  tra- 
yersed  by  the  piston,  is 

y. w 

The  heat  expended  per  pound  of  steam,  by  a  different  mode  of 
diidsion  from  that  previously  given,  is  computed  as  follows : — 

Part  of  the  sensible  heat  for  raising  one  pound  of  water  from  the 
temperature  of  the  feed  to  the  final  temperature  of  the  expansion, — 

J  {rt  -T«); 

latent  heat  of  evaporation  at  the  temperature  Tj, — 

heat  transformed  into  mechanical  energy  between  the  temperatures 
Tj  and  Tj, — 

vdpfSa  in  equation  2. 

The  addition  of  these  quantities  gives  for  the  whole  expenditure  of 
heat  in  foot-pounds  of  energy  per  pound  of  steam^ — 

Jj  =  J(T,-T^)  +  a-6  T2+  /     vdp 

=  J(r,-T4)4.a^l+hyplog^*j-5ri (5.) 

(J  =  772  foot-pounds  per  degree  of  Fahrenheit). 

The  heat  expended  per  unit  of  space  traversed  by  the  piston  is 
equivalent  to  a  pressure  whose  intensity  is 

'     i»^«'2 (6) 

The  EFFICIENCY  of  the  steam  is  the  ratio, 

U'^lj, (7.) 

of  the  eneigy  exerted  by  the  steam  on  the  piston  to  the  heat  ex- 
pended on  the  steam ;  and  that  ratio  having  been  determined,  the 
available  heat  of  a  pound  of  fuel  may  be  computed  from  the  indi- 
cated work  per  pound  of  fuel,  or  vice  versa,  by  means  of  the  equa- 
tion,— 

available  heat        ^  .^  ^ 

indicated  work^^U' ^  '^ 

2d 
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In  the  practical  use  of  equations  3,  4,  5,  6,  7,  and  8,  tlie  osual 
data  are, — 

the  initial  pressure  p^ 

tJie  rcUio  of  expansion  r, 

the  back  pressure  p^^ 

«nd  the  abiolvte  temperature  o/the/eed-toater  r^=z  T^  +  461^*2. 

From  p^,  by  the  aid  of  known  formulae  or  of  Table  VI.,  ar^  to 
be  found  t^  and  Vy     Then 

and  from  v^,  by  the  aid  of  the  same  formuke  or  of  Table  VI.,  are 
to  be  found  r^  and  j^j,  and  thus  are  completed  the  data  for  the  use 
of  equations  3  and  5. 

Let  0  L  =  Pq  represent  the  pressure,  and  L  K  =  t?o  the  vclume, 
of  a  pound  of  steam  at  some  standard  temperature,  such  as  that  of 
melting  ice  (t^  =  32°  +  46r-2  =  493°-2  Fahrenheit),  and  let 

t7 (//>  =  « -hyp  log ^(''-•'o) {^) 

pa  ''o 

be  the  area  contained  between  L  K  and  another  parallel  ordinate 
of  the  curve  B  C  K  corresponding  to  the  absolute  tempeiuture  t. 

Then  by  the  aid  of  values  of  the  function  U,  as  given  or  inter- 
polated in  Table  YI.,  the  equations  3  and  5  can  be  put  in  the 
following  form : — 

v  =  v,-iJ,+v,{p,-p,y, (10.) 

{,  =  Ui  — U,  +  J(tj  — tJ  +  «— 6», (11.) 

=  Ui-XJ,  +  Hj-A,; (12.) 

in  which  last  expression  for  the  heat  expended,  Hj  denotes  the 
total  heat  of  evaporation,  from  tq,  ai  r«,  and  h^  the  neat  saved  in 
consequence  of  the  temperature  of  the  feed- water  being  T^,  instead 
of  that  of  melting  ice, — both  quantities  as  given  or  interpolated  in 
the  columns  respectively  headed  H  and  h  in  Table  VI. 

The  following  statement  then  gives  at  one  view  the  formulae 
applicable  to  engines  worked  by  sensibly  dry  satiuHted  steam : — 

Data. 
Pv  ^»  'P'i>  '■4J  *®  already  explained. 
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Results. 

Vp  volume  of  one  lb.  of  steam  when  admittedy  to  be  found  or  in- 
terpolated in  the  column  headed  Y,  Table  VI. 
Voktme  at  end  of  expanaiony — 

»2  =  ^^i5 (1^) 

Final  pressure,  p^,  and  temperature  T^,  to  be  found  or  interjK)- 
Uted  in  the  columns  headed  P  and  T,  Table  VI. 

U',  energy  exerted  by,  and  J),  fi/eai  expended  on,  one  lb.  o/Heo/niy  to 
be  found  by  equations  10  and  12,  with  Table  VI.,  or  by  equations 
3  and  5,  without  the  Table. 

Mean  effective  pressure, — 

P.^Pm  —  Pi  =  ^^^,^ (1*) 

Pressure  equivalent  to  expenditure  of  available  lieat, — 

1^=;^; (15.) 

Efficiency  of  steam, — 

^''■^'=\' ^i«> 

P^  P%  ^ 

Net  feed  uxUer  per  cubic  foot  swept  through  by  piston, — 

1        D 

Heat  rejected  per  lb,  of  steam, — 

|,-U'  =  H,-A,-r,(pj-pJ; (18.) 

Beat  r^ected  per  cubic  foot  swept  through  by  piston, — 

*^^'=^*-^- (1^-) 


=  -i; (17.) 

rvt        r  ' 


rv, 


injection  water  required  per  lb.  of  steam — 

rature  of 
rature  of 


(Tgy  temperature  of  condensation, 
T^,  temperature  of  atmosphere). 


772(T,  — T^' ^^°-> 
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Injection  waier  required  per  cubic  foot  noept  through  hy  pieton — 

P*  — P*         .  (01  \ 

772(T,-Te)' ^^''^ 

Cubic  feet  ewept  through  hy  piston  per  minute  for  each  indicated 
horse-power — 

'^; W 

Available  heat  expended  per  Jumr  in/oot-lbe,  per  indicated  horse- 
pou)er — 

1,980,000^1,980,000;), 

Efficiency  p^  ^     '* 

In  applying  these  formulae  to  an  engine  actually  working,  whofie 
speed  has  been  ascertained^  let 

A  be  the  area  of  the  piston ; 

8  the  distance  through  which  it  moves  at  each  forward  stroke  if 
single  acting,  or  during  a  double  stroke  if  double  acting; 

N  the  number  of  revolutions  per  minute; 

K  the  total  resistance  reduced  to  the  piston ;  then,  as  in  Article 
263,  formula  5,  and  Article  264,  formula  3,  the  energt/  exerted  per 
minute  is 

N«R  =  N«Ay>,; {2i.) 

and  the  indicated  horee-poujer — 

N^A;;., 

3;3oo()  ' ^-^-^ 

also,  the  available  heat  ex{)ended  per  minute  is 

N«Aj9, (26.) 

288.   Appr»xlMale   F^miHto   tmv  W^rf   8«ianhte4    9t««ak — As   the 

formulfB  of  the  preceding  Article  require  in  their  use  a  considerable 
amount  of  calculation,  it  is  desirable  to  have,  for  the  purpose  of 
solving  ordinaiy  practical  problems,  approximate  formulie  of  a  more 
simple  kind  Those  which  will  now  be  explained  have  been 
arrived  at  by  a  process  of  trial,  and  their  agreement  with  the  exact 
formula,  and  with  experiment,  has  been  tested  for  initial  pressures 
ranging  from  30  to  120  pounds  on  the  square  inch,  and  for  ratios 
of  expansion  varying  from  4  to  1 6.  They  may  therefore  be  applied 
with  confidence  to  engines  working  within  these  limits,  and  pro- 
bably somewhat  above  them;  but  for  pressures  much  exceeding 
120  lbs.  on  the  inch,  and  ratios  of  expansion  much  exceeding  16^ 
it  is  advisable  for  the  present  to  use  the  exact  formula. 
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The  foundation  of  the  approximate  formuls  is  the  fact,  that  for 
pressures  not  exceeding  120  lbs.  on  the  inch,  or  17,280  lbs.  on  the 
square  foot,  tha  equation  of  the  curve  B  C  K,  fig.  110,  is  very 
nearly 

17 

poc  t?  -  Te (1.) 

This  equation  is  very  convenient  in  calculation,  because  the 
sixteenth  root  can  be  extracted  with  great  rapidity  to  a  degree 
of  accuracy  sufficient  for  practical  purposes,  by  the  aid  of  a  table 
of  squares  alone;  and,  by  a  little  additional  labour,  without  any 
tables  whatsoever. 

Let  r,  as  before,  be  the  ratio  of  expansion;  then  we  have 
evidently, 

the  final  pre88u/re —  Pt^^Pi  '**  "~  i^> (^') 

the  energy  exerted  onthepistonby  one  pound  of  steam  -  area  ABGEFA 

=  t'2{pi(l7r-'-16r-iI)-p3}; (3.) 

U' 
the  mean  total  pressure,  -  -  -^  p^\ (4.)^ 


V, 


'2 


=  /'«  =  /'i(l7r->-16r-rI); (5.) 

ihe  mean  effective  pressiMre,  or  energy  exerted  per  cubic  foot — 

y.-^Pm  —  Ps  =  —  -^Pi  (l7r-»  —  16r-T^)  — Pj. (6.) 

It  is  evident,  that  if  the  pressure  of  exhaustion  p^  be  given,  and 
any  two  out  of  the  three  following  quantities— the  initial  pi'essure 
p^f  the  mean  effective  pressui^e  p^  —  p^,  the  ratio  of  expansion  r — 
the  fourth  quantity  can  be  calculated  directly,  if  it  is  one  or  other 
of  the  pressures  p^,  p^  —  p^;  and  if  it  is  the  ex|jansion  r,  it  can  be 
found  by  approximation. 

The  approximate  formula  for  the  expenditure  of  heat  per  lb.  of 
steam,  which  has  been  found  by  trial  to  agree  very  closely  with  the 
exact  formula  within  the  limits  already  specified,  and  when  the 
feed  water  is  supplied  at  a  temperature  of  from  100°  to  120'' 
Fahrenheit^  is  as  follows : — 

f.=  15ift''x  =  ^^^*; (7) 
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80  that  the  hecU  expended  per  cubic  foot,  or  the  pressure  per  square 
fopi  ofpisUm  to  which  the  expeuditure  of  heat  is  equivcUexU,  is 

P.4-^' (8.) 

This  give;  for  the  efficiency 

P.     P-  — P.  _  £'  _  17  -  16j-f. _  rp^  ,5 . 

p,'  ~~P^  tl~       15*  ISift ^-^ 

by  means  of  which,  when  the  work  of  a  pound  of  coal  is  known,  its 
available  heat  can  be  computed,  and  vice  versa,  as  with  the  exact 
formula. 

To  facilitate  the  use  of  these  approximate  formulae,  Table  VIIL, 
at  the  end  of  the  volume,  gives  the  ratios 

??  =  17r-»  — 16r-Ii,and 
Pi 

p. 

and  their  reciprocals,  for  a  senes  of  values  of  1  +ri  and  the  right- 
hand  division  of  the  diagram  opposite  page  568  shows  the  values 
^f  p^  ^p^  for  various  values  of  1  -;-  r  by  in8|)ection.  For  a  geo- 
metrical appi'oximation  to  that  ratio,  see  the  Appendix,  page 
552. 

288  A.  BxaMi^les  •f  tke  Actton  •f  Drr  SalHntl«4  Simm. — The  fol- 
lowing examples,  being  taken  from  the  performance  of  actual 
engines,  are  intended  at  once  to  illustrate  the  use  of  the  formulie 
in  Articles  287  and  288,  and  to  compare  their  results  with  those  of 
ex{)eriment. 

In  comparing  the  results  of  fonnulie  for  the  exjiansive  working  . 
of  steam  with  those  of  the  indicator  diagrams  of  engines,  it  is  not 
to  be  expected  that  the  indicated  pressuixis  corresponding  to  parti- 
cular volumes,  during  or  at  the  end  of  the  expansion,  will  closely 
agree  with  tlio.se  given  by  calculation;  because  considerable  devia- 
tions, altei*nately  upwards  and  downwards,  arise  from  the  friction 
of  the  indicator,  the  elastic  vibrations  of  the  indicator  spring,  and 
the  pulsations  of  the  particles  of  the  steam  itself  In  the  course 
of  a  complete  stroke,  however,  those  deviations  neutralize  each 
other,  so  that  the  indicated  7nean  effective  pressure  ought  to  agree 
with  that  given  by  theory,  if  the  theory  is  sound  About  half  a 
pound  on  the  square  inch,  or  72  lbs.  on  the  square  foot,  may  be 
considered  as  an  ordinary  limit  of  error  in  indicator  diagrams. 
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Two  examples  of  the  application  of  the  formulae  to  actual  engines, 
»nd  (if  the  comparison  of  their  results  with  those  of  experiment^ 
are  annexed. 

Example  I. — Double-cylinder  engines  of  744  indicated  horse-^ 
power,  (^culated  by  exact  formnliB : — * 

Data— 

Bottom  of  Top  of 

cylindpra.  cjlindere. 

Pressure  of  admission,  p^  -j- 144, 337  343 

Back  pressure,  ;73-?- 144, 4*0  40 

Ratio  of  expansion,  r, 4^  6J 

Ordinary  temperaturo  of  feed  water  T^  =  about  104*"  Fahren- 
heit 

Calculated  Results— 

Bottom.  Top^ 

Final  volume  of  1  lb.  of  steam,  v^^rv-^^     5<^'375  74*4 

Final  pressure,  P2-^1^4> 7*3^7  4'^^7^ 

Work  of  1  lb.  of  steam,  XT', T09552  ^17338' 

Mean  effective  pres- )     tj'        «      « 

sure  in  pounds  on  ( ttt^  =  ^^T^^  "     '5  i  10-95 

the  inch, )  ^**  ^2       ^** 

Mean  of  both  results, I3'03 

Mean  effective  pressure  as  observed,  |  • 

being  the  mean  result  of  a  seines  >  13'TO 

of  diagrams, )  ', 


Difference, -0-07 

being  within  the  limits  of  errors  of  observation. 

Bottom.  Top. 

Foot-lbs.  Foot-lbs. 
Available  heat  expended  per  pound )        ^  o  ^  « 

of  steam,!,, .„.Z....  J    ^o^^Sp  925678^^ 

Pressure  in  pounds  per  square  inch  ) 

equivalent  to  heat,  ;)4-r  144, /  ^^5  ^6-4 

Mean, io57 

Efficiency,  ?^ill2?, 0'i2i  o-iar 

Mean,  13  03-1057, 0123 

*  These  were  the  engines  made  bj  Messrs.  Randolph,  Elder,  &  Co.,  for  the  steamer 
**  Admiral,"  built  by  Mr.  James  R.  Napier. 
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Netfmd  wcUer  per  cubic  foot  sicept  Uirough  by  putUms — 

J)    ^  Bottom.  Top. 

—^  in  pounds, 0*0199  0*0134 

Mean, ox>i67 

^of^'2^.".^!^*:!^""?^^'^.'!".'^}  ^91,437    808.340 

Per  cubic  foot  swept  through  by  pistons,     ^Sfiso  10,865 

,  Mean, 13,347 

Injection  tvater  required  in  pounds  per  \ 

cubic  foot  swept  through  by  pistons,  >  o '384 

T5  -  Tg  being  supposed  =45°, ) 

Available  heat  expended  per  hour  in  foot-pounds  per  indicated 
horse-power — 

The  actual  consumption  of  coal  was  2*97  lbs.  per  indicated  horse 
I)ower  per  hour;  hence  the  available  heat  of  combustion  of  1  lb.  ot 
the  coal  was 

^\«Ji^-«  =  M20.000foot-IbB.; 

which,  if  the  total  heat  of  combustion  of  1  lb.  of  the  coal  be  esti- 
mated at  10,000,000  foot-lbs.,  gives  for  the  efficiency  o/tfie/umaa 

•^  *"""■•  0-542. 

Example  II.,  the  same  engines  calculated  by  approximate  for- 
mulae : — 

Data —  Lbs.  per  inch. 

Mean  pressure  of  admission,   ^i =•  34 

Mean  back  pressure,  .^4 4 

jj,  ,    „  1      0-24  +  016     ^, 

Mean  cut  off,  -  = .^  =  0-2 

r  2 

Results— 

Mean  gross  pressure,  -j^  =  34  x  -505 ^1*^1 

Mean  effective  pressure,  ^^    ^^,  calculated, 1317 

observed 13*10 

Difference, +  0*07 

Pressure  equivalent  to  expenditure  of  heat,  p^  -^  l^^f   105*4 
Efficiency,  £'  =  ?=l"  ^»  =  01 25. 
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389.  BMies  for  HairirHirf  PUfsaw.— The  rules  of  Articles  287  and 
288  are  accurate  for  one  mode  of  expansive  working  only.  The 
finst  tive  rules  of  the  present  Article  are  applicable  to  all  modes  of 
expansive  working,  provided  only  that  the  cylinder  is  supplied  with 
heat  enough  to  prevent  any  large  quantity  of  liquid  water  from 
accumulating  in  it;  so  that  the  steam  may  be  said  to  be  nearly 
dry;  and  the  last  six  rules  give  results  for  proposed  engines,  that 
are  accurate  enough  for  most  pi-actical  purposes. 

In  fig.  110a  let  A  F  G  B  H  K  A  represent  the  indicator  diagitim 
of  any  steam  engine,  F  being  the  point  of  admission,  G  that  of 
cut-off,  B  the  point  of  release,  where  the  exhaust  port  is  opened,  H 
the  end  of  the  forward  stroke,  and  K  the  point  whei-e  "cushioning" 
(if  any)  begins  (see  page  420.)  Let  the  horizontal  line  through  0 
be  the  zero  line  of  absolute  pi*essures,  so  that  heights  above  that 
line  represent  absolute  pi-essures  of  the  steam ;  B  C,  for  example, 
being  the  absolute  pressure  at  the  instant  of  release. 

Through  B  diuw  B  A  parallel  to  the  zero  line;  and,  if  necessary, 
set  back  the  point  A,  so  as  to  allow  for  clearance  (see  page  418), 
in  order  that  the  length  A  B  may  represent  the  whole  volume  of 
steam  contained  in  the  cylinder  and  ports  at  the  instant  of  I'elease. 
From  A  let  fall  the  perpendicular  A  O  upon  the  zero  line.  Then 
horizontal  distances  on  the  diagram  from  the  line  OAF  represent 
volumes  occupied  by  the  steam  in  the  cylinder. 

Then  if  we  calculate  in  a  series  of  particular  cases  by  equation 
5  of  Article  287,  page  399,  a  quantity  which  may  be  called  the 
hmt  ofreleaaey  consisting  of  the  total  heat,  sensible  and  latent,  of 
tlie  volume  of  steam  A  B  at  the  absolute  pressure  C  B,  together 
with  the  quantity  of  heat  which  that  steam  would  cany  off  from 
the  cylinder  and  valve  ports,  8upi>osing  it  to  expand  down  to  the 
back  pressure  without  liquefaction,  that  quantity  is  found  to  be 
given  approximately  to  the  accui-acy  of  about  1  per  cent,  by  the 
following  rule : — 

I.  Multiply  the  product  of  the  absolute  pressure  and  volume  of 
the  steam  at  the  point  of  release  by  16  for  a  condensing  engine,  or  by 
15  for  a  non-condensing  engine.  The  result  will  be  the  mechanical 
equivalent  of  the  heat  of  release,  nearly. 

To  represent  the  preceding  rule  graphically,  in  fig,  110a  produce 
A  B  to  D,  making  A  D  =  IG  A  B  for  a  condensing  engine,  or 
15  A  B  for  a  non-condensing  engine;  complete  the  rectangle 
A  D  E  O;  then  the  area  of  that  rectangle  (=  16  or  15  A  B  •  R  C) 
represents  the  heat  of  release,  iu  units  of  work. 

The  area,  A  B  H  K,  of  that  part  of  the  steam  diagram  which 
lies  below  the  pressure  of  release  represents  a  portion  of  heat  saved 
out  of  the  heat  of  release,  by  conversion  into  mechanical  work ;  and 
the  area,  A  F  G  B,  of  that  part  of  the  steam  diagram  which  lies 
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above  the  pressure  of  release  repre«eiit«  an  additional  expenditnm 
of  heat,  all  of  which  w  converted  into  work.  Hence  the  following 
niles:— 

II.  Whole  heat  expended  on  the  steam  s  area  A  D  E  0+  area 
A  FOB. 

III.  Heat  converted  into  mechanical  work  s  aix«  A  F  6  B  H  K. 

IV.  Heat  rejected  with  the  exhaust  steam  =  area  A  D  E  O  — 
area  A  B  H  K. 

^T    vm  '  c^u     ,  area  A  F  G  B  H  K 

V.  Etnciency  of  the  steam  = ^   .^  ,^ ..   . 1— Errr-^. 

^  area  A  D  E  O  +  area  A  F  G  B 

In  applying  the  same  principles  to  prnposed  enginea,  the  same 
awumption  may  he  made  as  in  Article  278,  pages  375  to  377 ;  that 
iS)  A  B  may  be  treated  as  representing  the  whole  capacity  of  the 


Fig.  110a. 

cylinder;  and  K  A  F,  F  G,  B  H,  and  H  K,  as  straight  linea  AIho, 
the  expansion  curve  G  B  may,  without  material  error,  be  treattnl 
aA  a  coninion  hyperl)ola.  To  produce  hucIi  a  curve,  the  Hteam  must 
conttiin  a  little  liquid  water  on  its  admisHion,  or  immediately  after- 
wards; and  that  wat^n*  must  be  evaporated  during  the  expansion 
by  means  of  heat  communicated  to  it  from  the  cylinder,  which 
muHt  rccoive  heat  either  by  jacketing  or  by  superheating. 
Then  the  following  apjyroximate  rules  are  applicable : — 
VI.  To  calculate  the  absolute  presswt  of  release;  divide  the  initial 
absolute  pressure  by  the  rate  of  expansion;  that  is  to  say,  make 


P2 


^Pi 


.(]) 


VII.  To  calcuhitc  the  ratio  of  the  mean  absolute  pressure  to  the 
initial  absolute  pressure;  make 


Pz 
Pi 


1+  hyp  jog  r^ ^^j 


r  denoting  the  rate  of  ex|)ansion.     For  values  of  this  ratio  and  iU 
reoipi^ocal,  see  Table  XL,  page  443.     (See  page  553). 
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VIII.  To  calculate  the  mean  effective  pressure;  ItroxxL  the  mean 
absolute  pressure  subtract  the  mean  back  })re8sure,  estimated  as  in 
Article  280,  page  382;  that  is  to  say,  as  l»efoi*e; 

Mean  effective  pressure,  p,  =  p«  -  Pg (3.) 

IX.  To  find  a  pressure  equivalent  to  tJie  rate  of  expenditure  oj 
available  heat:  to  the  mean  absolute  pressure  add  15  times  the 
presaQre  of  release  in  a  condensing  engine,  or  14  times  that  pressure 
in  a  non-condensing  engine;  that  is  to  say,  make,  in  condensing 
engines; 

P*  =  P-  +  15 />2^ {^') 

or  in  non  condensing  engines, 

?>*=;?« +  14;?, (4a.) 

X.  The  efficiency  of  the  steam,  as  before,  is 

Z-.P=^Zia (5.) 

XL  The  mechanical  equivalent  of  the  rejected  heat  is  found  by 
multiplying  the  space  swept  through  by  the  piston  by 

15  p2  +  P3  in  condensing  engines; (6.) 

or  l4/>2  +i^8  ^^  non-condensing  engines (6a.) 

Example. — Data — Condensing  engine,  absolute  initial  pressura 
Pj  =  34  lbs.  on  the  square  inch. 

Rate  of  expansion,  r  =  5. 

Mean  back  pressure,  p^  =  4  lbs.  on  the  square  inch. 

Residts. — (1.)  Pressure  of  release,  Pg=  Pi  -?-  5  =  6*8  lbs.  on  the 
square  inch. 

p.^l+hyplog5  ^  2j609  ^  ^..^^ 

^    '  Pi  o  5 

Therefore,  mean  absolute  pressure,  p^  =  34  x  0*522  =  17*75 
Hjs.  on  the  square  inch. 

(3.)  Mean  effective  pressure,/?^  — 7^3=  13*75  lbs.  on  the  square 
inch. 

(4.)  Pressure  equivalent  to  rate  of  expenditure  of  available  heat, 
p^  =r  17-75  +  (15  X  Q'S)  =  119-75  lbs.  on  the  square  inch. 

13*75 
(5.)  Efficiency  of  steam  =  ,.^    ,  =  0*115. 

(6.)  Mechanical  equivalent  of  rejected  heat  =  space  swept 
through  by  piston  x    106  lbs.  on  the  square  inch.* 

•  The  mlea  of  this  Article  first  appeared  in  the  Engifuer  of  the  5tb 
January,  1866,  where  examples  are  given  in  greater  detail 
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289  A.  €«adlcmlag  High  Pre— wrc  En|[lHes. — Tills  term  may  bo 
applied  to  engines  such  as  Mr.  Beattie's  locomotives,  in  which, 
although  the  steam  is  discharged  from  the  cylinder  at,  or  a  little 
above,  the  atmospheric  pressure,  a  portion  of  it  is  condensed  for 
the  purpose  of  heating  the  feed  water,  the  i^mainder  being  used 
to  make  a  blast  in  the  chimney.  This  is  effected  by  conducting 
steam  thi-ough  a  branch  from  the  exhaust  pipe  into  a  close  vesspl, 
through  which  there  falls  a  shower  of  water  from  the  water  tank. 
From  the  bottom  of  that  vessel  water  is  diawn  by  the  feed  pump, 
and  forced  into  the  boiler,  its  temperature  being  usually  about 
200°  Fahrenheit. 

In  applying  the  exact  formulae  to  this  case,  T^  is  to  be  made 
=  200°  Fahrenheit,  or  whatever  other  temperature  the  feed  water 
may  have. 

In  applying  the  approximate  formulae,  the  results  of  the  follow- 
ing calculation  will  in  general  be  found  sufficiently  accurate. 

The  approximate  expression  already  given  for  the  expenditure 

of  heat  per  unit  of  volume  swept  through  by  the  piston,  viz.,  — ^^— , 

T 

was  obtained  upc  n  the  supposition  of  the  temperature  of  the  feed 
water  being  104"",  or  thereabouts.  Refen-ing  to  Article  215  a, 
and  to  the  Table  in  i>age  256,  let/  denote  the  "factor  of  evapora- 
turn  "  for  the  boiling  jwint  of  the  water  in  the  boiler,  and  for  the 
temperature  of  feed  water  104°;  and  let/'  be  the  factor  of  evapora- 
tion for  the  same  boiling  point,  and  for  the  temperature  of  feed 
water  200";   then  the  expenditui*e  of  heat  will  be  reduced  very 

nearly  in  the  proportion  -=-r,  so  that  the  approximate  formula  for  the 

expenditure  of  heat  jier  unit  of  volume  swept  through  by  the  piston 
will  now  be 

Hj.^/'.15J;.i 

rvy      f        r 

For  example,  let  the  boiling  point  be  320°  Fahrenheit,  which 
corresponds  to  a  pi-essure  of  89-86  lbs.  on  the  square  inch  in  all,  or 
75  lbs.  above  the  atmosphei-e  nearly ;  then 

/'=104;/=115;  and 

r^;=-/'"«^^^y W 

The  pipe  for  conducting  steam  from  the  exhaust  pipe  to  the 
condenser  has  a  cock  or  valve,  by  means  of  which  its  opening  ia 
adjusted  until  it  transmits  the  greatest  quantity  of  steam  com* 
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patible  with  complete,  or  nearly  complete,  condenflation.  According 
to  experiments  on  Mr.  Beattie*s  Engines  described  by  Mr.  Patrick 
Stirling,  about  one-fourth  of  the  whole  exhaust  steam  is  required 
for  this  purpoee;  and  the  remaining  three-fourths  are  adequate  to 
pi-oduce  a  sufficient  blast  in  the  chimney. 

290.  OifltreHoe  between  PresaHre  la  B«il«r,  andl  iHlllal  Prc««Hre 
!■  criiMdcr.— Wire-Drawn  Stcnm. — The  fall  which  the  pressure  of 
the  steam  undergoes  during  its  passage  from  the  boiler  to  the 
cylinder,  is  due  to  the  following  causes : — 

1.  The  resistance  of  the  steam  pipe  through  which  the  steam 
passes  from  the  boiler  to  the  valve  box. 

2.  The  resistance  of  the  regulator,  or  throttle  valve,  by  wliich 
the  steam  pipe  is  partially  closed,  in  the  same  manner  with  the 
supply  pipe  of  the  water  pressure  engine,  fig.  40,  Article  132,  mge 
140. 

3.  The  resistance  of  the  "joorte,"  or  steam  passages  through 
which  the  steam  is  admitted  from  the  valve  box  into  the  cylinder, 
and  which  are  at  times  partially  closed  by  the  valves,  so  as  to  have 
their  resistance  increased. 

4.  The  disappearance  of  actual  energy  when  the  steam  i>asses 
from  the  ports  into  the  cylinder,  exchanging  its  previous  rajwd 
motion  for  the  compamtively  slow  motion  of  the  piston. 

It  is  impossible,  in  the  present  state  of  our  knowledge  of  the 
properties  of  steam,  to  calculate  separately  the  losses  of  pressure 
due  to  these  four  causes;  and  even  were  it  possible,  the  complexity 
of  the  resulting  formVila  would  be  out  of  proportion  to  its  practical 
utility.  All  that  can  for  the  present  be  done  is  to  use  the  theory 
of  the  discharge  of  gases  through  orifices,  as  explained  in  Article 
254,  in  order  to  find  the  probable  form  of  an  approximate  formula 
for  thp  whole  loss  of  pressure,  and  to  determine  a  constant  co-effi- 
cient in  that  formula  empirically  from  ex|jeriments  on  existing 
engines. 

The  best  collection  of  experimental  data  on  this  suV)ject  is  con- 
tained in  Mr.  D.  K.  Clark's  work  on  Railuxiy  Machinery.  These 
data  are  taken  partly  from  the  experiments  of  Messra.  Uouin  and 
Lechatelier,  and  partly  from  Mr.  Clark's  own  experiments;  and 
are  to  a  ceiiiain  extent  reduced  to  general  laws. 

Amongst  other  general  I'esults,  Mr.  Clark  finds  that  the  effect 
of  the  resistance  in  the  steam  pipe  is  inappreciable,  when  the 
sectional  area  of  that  pipe  is  not  less  than  tv  of  the  ai-ea  of  the 
piston  for  steam  in  an  ordinary  state  as  to  dryness,  and  not  less 
than  iV  for  steam  in  a  very  dry  state ;  the  mean  speed  of  the  jiiston 
not  exceeding  600  feet  per  minute,  or  10  feet  per  second.  It 
follows,  that  in  a  well  constructed  engine,  the  steam  pipe  should 
be  so  proportioned,  that  supposing  the -density  of  the  steam  to  bo 
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the  same  in  it  and  in  the  cylinder,  the  velocity  of  the  steam  through 
t)ie  steam  pipe  shall  not  exceed  about  100  feet  per  second,  and 
then  the  resistance  in  the  pipe  may  be  neglected.  This  result  is 
corroborated  by  the  known  e^ect  in  practice  of  the  ordinary  rule, 
that  where  the  velocity  of  the  piston  is  from  200  to  240  foet  per 
minute,  the  area  of  the  steam  pipe  should  be  about  Vr  of  that  of  the 
piston. 

The  resistance  of  the  regulator  in  a  properly  proportioned  steam 
pipe  is  inappreciable  when  it  is  wide  open ;  and  when  it  is  partially 
closed;  the  investigation  of  mathematical  relations  between  the 
resistance  and  the  opening  is  practically  unimportant,  because  the 
extent  of  opening  of  the  regulator  required  to  produce  any  given 
reduction  of  pressure  in  any  existing  engine  can  easily  be  found  by 
trial. 

There  remain  to  be  couHidered,  the  resistance  of  the  cylinder 
poi*ts,  and  the  loss  of  head  on  entering  the  cylinder. 

In  Article  254,  equation  1,  is  given  an  expression  for  the  velocity 
of  a  gas  rushing  through  an  orifice,  from  a  space  in  which  the 
presHure  is  p^,  into  a  space  in  which  the  pressure  is  /jg.  To  prevent 
confusion,  and  to  adapt  the  equation  to  the  notation  of  the  present 
section, 

Put  p^  to  stand  for  the  presMure  in  the  boiler  and  valve  chest, 
instead  of  p^ ; 

And  pi,  the  initial  pressure  in  the  cylinder,  instead  of  p^ ; 

Also  put  V  instead  of  u  to  denote  the  greatest  velocity  of  flow. 

Square  both   sides  of  the  equation  ;   divide  by  2  ^ ;   and    for 

— ?      .  PoU  gnbstitute  its  equivalent,  K^;  then  we  have  for  the 

y  —  1       tq 

head  due  to  the  vmximuni  velocity  V — 

which  for  steam,  treated  as  a  jwrfect  gas,  bet^omes 

-.3e«.,{.-(^)-} <,., 

From  analogy  with  the  flow  of  liquids  and  of  air,  it  is  ]«obable 
that  when  benides  producing  a  current  of  steam  of  a  certain 
velocity,  the  difference  of  pi'essure  has  also  to  overcome  the  fnctiim 
of  a  passaoe,  the  left-hand  side  of  the  preceding  equation  should  be 
multiplied  by  1  +  F,  F  being  a  "  factor  of  resistance •*  (as  in  Article 
09). 

The  quantity  V*,  being  the  m^an  9quar9  of  the  velocity  with 
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wbich  the  steam  enters  the  cylinder,  may  be  treated  as  the  product 
©f  three  fistctors,  viz. : — 

The  square  of  the  mean  velocity  of  the  piston  (let  this  be  denoted 
by  ^2); 

The  square  of  the  ratio  in  which  the  area  of  the  piston  exceeds 

the  area  of  the 


port  (^*); 


A  iBuctoT  depending  on  the  figure  and  manner  of  motion  of  the 
valve. 

For  simplicity's  sake,  take  the  product  of  this  last  &ctor,  and  of 
the  factor  1  +  F,  which  may  be  denoted  by  one  symbol,  B.  Then 
the  formula  for  the  "  loss  of  head  **  sustained  by  the  steam  becomes 


BV'2A2 


=  366-7 ,,(l -(g)""}; (2.) 


giving  the  foUowing  formula  for  computing  the  ratio  in  which  the 
absolute  prossure  of  the  steam  &lls : — 

p,     (  By-«A«     y^ 

p.^'X  2gX  366-7  r^a*  J       ^  ^^ 

The  co-efficient,  B,  is  to  be  determined  empirically.  As  a  basis 
for  this  determination  in  the  case  of  dry  steam  may  be  taken  one 
of  the  general  conclusions  arrived  at  by  Mr.  Clark,  viz.,  that  when 

—  =  15,  and  V'=  10  feet  per  second,  -^  ==  0-84  nearly;  the  pres- 
sure in  the  valve  chest,  p^  being  on  an  average  90  lbs.  on  the  square 
inch  or  thereabouts,  and  consequently  the  absolute  temperature 
Tj  =  320^  +  46r-2  =  78r-2  nearly. 
These  data  give  B  =  32*4,  and  consequently 

B 32-4 1_ 

2^X366-7  "23615-5  ""726' 

10  that  equation  3  becomes 


h-ii-iiALy''     (4) 


In  all  cases  in  which  the  difference  between  />»  and  Pi  is  small, 
(he  foDowing  formula  is  a  sufficiently  close  approximation : — 

Pi-l-JU^.        (5.) 

2b 
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The  following  example  is  a  case  to  wliich  the  approximate  for- 
mula does  not  applj.  The  data  are  such  as  are  sometimes  met  with 
in  Cornish  single  acting  engines : — 

A 

y'  =  2^  feet  per  second;   ->=120; 

rj  =  745-2;  whence 

^1  =  0-8336       =0-458; 

so  that  if  p»  =  52*52  lbs.  per  square  inch,  p^  =  24  lbs.  on  the  square 
inch. 

In  the  next  example,  the  approximate  formula  is  applicable; 
and  the  data  are  such  as  are  very  commonly  met  with  in  double 
acting  expansive  engines. 

V  =  4  feet  per  second;  -  =25; 
ri  =  266**  +  46r-2  =  727''-2;  whence,  by  equation  5, 

so  that  if  Pi  =  39*2  lbs.  on  the  square  inch,  p^  =  36*2  lbs.  on  the 
square  incl^  the  loss  of  pressure  being  3  lb&  on  the  square  inch. 

It  appears  further,  from  the  experiments  of  Mr.  Clark,  that  the 
loss  of  pressure  of  misty  steam  in  traversing  passages  exceeds  that 
of  dry  steam  in  a  proportion  which  cannot  be  computed  with 
any  approach  to  precision,  but  which  ranges  from  1^  to  2^  and 
sometimes  even  to  3. 

The  lo88  of  head  which  occurs  during  the  passage  of  steam  from 
the  boiler  to  the  cylinder,  does  not  whoUy  represent  toasted  enerffy; 
for  being  expended  in  fHction,  it  produces  heat;  so  that  steam 
which  has  had  its  pressure  lowered  by  the  resistance  of  passages, 
or  as  it  is  called,  has  been  wirb-d&awk,  is  superheated  (that  is,  is  at  a 
temperature  higher  than  the  boiling  point  corresponding  to  its 
pressure,  although  lower  than  the  temperature  in  the  boiler),  as 
has  already  been  stated  in  Article  253.  Even  supposing,  however, 
that  no  energy  is  directly  wasted  when  steam  is  wire-dniwn,  there 
is  still  an  indirect  waste  of  eneigy  from  the  lowering  of  its  pres- 
sure, which,  by  diminishing  the  forward  pressure  upon  the  piston 
as  compared  with  the  back  pressure,  and  by  dimifiialiittg  the 
extent  of  expansive  working  of^  which  tiie  steam  is  capable,  lowers 
its  efficiency. 

When  an  engine,  therefore,  has  to  work  against  a  diminished 
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resistaiice,  it  w  better  to  diminish  the  mean  effective  pressure 
by  cutting  off  the  admission  earlier,  and  so  working  with  a 
greater  ratio  of  expansion,  than  by  contracting  the  opening  of  the 
r^ator,  and  so  lowering  the  initial  pressure  by  wire-drawing 
Ihe  tonner  method  makes  the  engine  more  economical,  the  latter 
les&    (See  page  554.) 

29L  Kfl'eeto  •f  DIsimbtas  Cmmmem  •■  IMiignmi..— Some   of  the 

aeYiations  of  the 
diagram  of  energy  "^ 
of  a  steam  engine 
from  the  ideal  form 
have  already  been 
considered  inci- 
dentally in  the 
preceding  Articles 
of  this  section.  In 
the  present  Article 
the  more  impor- 
tant and  usual  of 
these  deviations 
are  to  be  classed 
and  considered  more  in  detail. 

These  causes  may  be  thus  classed, — 

Causes  which  affect  the  power  of  the  engine,  as  well  as  the  figura 
of  the  diagram : — 

L  Wire-drawing  at  cut-off. 

IL  Clearance. 
IIL  Compression,  or  cushioning. 
IV.  Release. 

V.  Conduction  of  heat. 
VI.  Liquid  water  in  the  cylinder. 

Causes  which  affect  the  figure  of  the  diagram  only : — 

VII.  Undulations. 
VIII.  Friction  of  the  indicator. 
IX  Position  of  the  indicator. 

I.  Wiredrawing  at  Cut-off, — The  valve  by  which  the  steam  is 
admitted  into  one  end  of  the  cylinder,  closes,  in  order  to  cut  off 
the  admission  of  steam,  not  instantaneously,  but  by  degrees, 
especially  when  it  is  a  slide  valve.  In  consequence  of  this,  the 
loss  of  pressure  by  the  steam  in  passing  from  the  valve  chest  into 
die  cylinder  gradually  increases,  and  the  pressure  of  the  steam  in 
the  cylinder  begins  gradually  to  diminish,  before  the  complete 
closing  of  the  i^ve;  so  that  the  top  of  the  diagram,  which  is 
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drawn  during  the  admission  of  the  steam,  instead  of  presenting  a 
straight  line,  A  B  (fig.  Ill),  parallel  to  O  X,  presents  a  drooping 
curve,  convex  upwards,  such  as  A  H  G. 

The  point  of  the  stroke  where  the  complde  dosing  of  the  valve,  or 
a/Uual  cvl-off,  takes  place,  is  usually  marked  on  the  diagram  by  a 
poirU  of  contra/ry  Jleocure,  G,  where  the  curve  convex  upwards,  H  G, 
produced  by  wire-drawing,  touches  the  curve  of  expansion,  G  C, 
which  is  concave  upwank.  The  steam  b^ins  to  a  certain  extent 
to  work  expansively  before  the  valve  is  completely  closed,  and  the 
energy  exerted  is  nearly  the  same  as  if  the  valve  closed  instan- 
taneously at  a  somewhat  earlier  point  of  the  stroke,  which  may  be 
called  the  virtual,  or  ^edive  aU-off.  To  find  approximately  that 
point,  produce  the  expansion  curve,  C  G,  upwards,  and  draw  the 
straight  line,  A  B,  to  meet  it;  then  the  point  B  marks  the  elective 
cut-off,  and  determines  the  effective  ratio  of  expansion  to  be  used 
in  computing  the  efficiency. 

IL  Clea/rance  is  a  term  used  to  include,  not  merely  the  clearance 
proper,  which  is  the  space  between  the  piston  and  the  end  of  the 
cylinder  to  which  it  is  nearest  at  the  end  or  beginning  of  a  stroke, 
but  also  the  volume  of  the  ports,  and  generally  the  whole  ndnimum 
space  between  the  piston  and  tiie  valves.  It  is  evident  that  this 
space,  as  well  as  the  space  through  which  the  piston  sweeps,  has 
to  be  filled  with  steam. 

The  clearance,  for  purposes  of  calculation,  is  expressed  in  the 
form  of  a  fraction  of  the  space  swept  through  by  the  piston  during 
a  single  stroke.  Let  A  be  the  area  of  the  piston,  a  ihe  length  of 
its  stroke;  then 

is  the  fraction  in  question,  and 

vc^wiM  of  deKxram/oa  =>  e  A« (2.) 

The  2071^  ofcyUnder  equivalent  to  the  dearanoe  is 
voLwmA  ofdwjmmce 


A 


—  08 (3.) 


The  value  of  the  fraction  c  ranges  from  i  to  -^y  and  sometimes 
less,  in  different  engines,  being  greatest  in  the  smallest  engines. 
The  equivalent  length  of  cylinder  c  a  varies  less,  being  uraally 
from  one  to  two  inches. 

The  clearance  affects  the  ratio  of  expansion  in  the  following 
manner: — 

In  fig.   Ill,  let  £~F  =  A«  represent  the  whole  space  swept 
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through  by  the  piston  per  stroke ;  and  let  LK  =  NA  =  cA« 
represent  the  clearance.  The  steam  being  cut  off  at  B,  A  B  in  the 
diagram  A  B  C  E  F  A  appears  to  represent  the  volume  of  steam 
in  the  cylinder  at  the  instant  of  cut-off,  and 

AB_1    E"F 
EP""5^'AB""    ' 

«re  the  apparent  cut-off  and  ratio  of  expansion.  But  the  real 
volume  of  steam  in  the  cylinder  at  the  instant  of  cut-off  is  N  B, 
and  it  expands  to  the  volume  LI;  so  that  the  real  cut-off  and 
ratio  of  expansion  are 


1       NB      r    •     .  LI       1+c       r^  +  c/      ... 

If  the  steam  is  comptddy  exhausted  from  ike  cylinder  dv/ring  ewHi 
return  stroke,  the  clearance  produces  the  following  effect  on  the 
expenditure  of  steam  and  of  heat.  The  apparent  volume  of  steam 
admitted  per  stroke  being  A  B,  and  the  real  volume  N  B,  the 
expenditure  of  steam,  and  consequently  of  heat,  is  increased  by 
reason  of  the  clearance  in  the  ratio 

11=1+-' (^•) 

On  the  same  supposition,  that  the  steam  is  completely  exhausted 
during  each  return  stroke,  the  mean  absolute  pressure  is  diminished 
nearly,  but  not  quite,  to  the  extent  expressed  by  the  following 
formula,  in  which  p*^  is  the  actual  mean  absolute  pressure,  and  p^ 
what  that  pressure  would  be  with  the  real  expansion,  r,  if  there  were 
no  clearance : — 

p'm=Pm  —  c{Pi—p^) (6.) 

The  diminution  of  mean  pressure  is  not  quite  to  the  above  extent ; 
because  the  energy  with  which  the  steam  rushes  in  to  £dl  the 
clearance  is  expended  partly  in  impulse  against  the  piston,  and 
partly  in  producing  heat  by  friction  amongst  the  particles  of  steam, 
and  that  heat  superheats  the  steam,  and  makes  a  less  quantity 
suffice  to  fill  a  given  space  at  a  given  pressure ;  but  it  is  unneces- 
saiy  to  consider  this  in  the  calculation. 

The  efficiency  of  the  steam  is  diminished  nearly  in  the  following 
proportion : — 
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-^--^«--  (7.) 


(l+cr')(p.-p3)- 

IIL  Campressian,  or  cushioning,  is  efFected  by  cloging  the  educ- 
tion valve  before  the  end  of  the  return  stroke;  for  example,  at  the 
point  corresponding  to  M  on  the  diagram.  This  confines  a  certain 
quantity  of  steam  in  the  cylinder,  which  is  compressed  by  the  piston 
during  the  remainder  of  ihe  return  stroke,  the  rise  of  its  pressure 
being  represented  by  some  such  curve  as  M  A.  In  the  figure,  that 
curve  is  made  to  terminate  at  A,  in  order  to  represent  the  most 
advarUageous  adjustment  of  the  compression,  which  takes  place 
when  the  quantity  of  steam  confined  or  "  cushioned"  is  just  auffir- 
dent  to  Jill  the  dea/rance  at  the  initial  pressure  p^. 

An  approximate  formula  for  adjusting  the  compression  is  as 
follows :— 

M='Hf)'- « 

The  effect  of  this  adjustment  is  to  save  all  the  additional  expen- 
diture of  steam  per  sti-oke  denoted  by  c  r'  in  equation  5,  .and  to 
save  also  the  loss  of  energy  per  pound  of  steam  expressed  by  the 
formula  6;  so  that  the  efficiency  o/ths  steam  remains  undiminished. 
The  mean  effective  pressure,  however,  is  diminished  in  the  proportion 

r  -T-  /; 

and  the  pressure  equivalent  to  the  heat  expended  in  the  same  propor- 
tion ;  so  that  if  p^  and  Pf,  respectively  represent  those  quantities, 
calculated,  as  in  previous  Articles,  on  the  supposition  of  thei-e 
being  no  clearance,  they  are  altered  respectively  to 

y.  =  ^^;andp'»  =  'l^'; (9.) 

while  the  space  to  he  swept  through  hy  the  piston  per  mdmUe,  per 
indicated  hwrse-power,  is  at  the  same  time  increased  in  the  ratio 

and  becomes 

33000/  .        , .    .   ^  /,nx 
in  cubic  feet, (10.) 

rp,  ^  ' 

when  the  pressures  are  expi'essed  in  pounds  on  the  square  foot. 
In  the  case  which  has  now  been  considered  of  adjusted  cushion- 

ing,  the  fraction  .p-p — -j  of  a  whole  cylinderful  of  steam  (clearance 
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incladed),  performs  the  part  of  a  cushion  aooording  to  the  principles 
laid  down  for  heat  engines  in  general  in  Article  262,  while  the 

fraction  -=--7 »  performs  the  effective  work. 

l  +  cr '^ 

IT.  Edease  means  opening  the  exhanst  port  for  the  escape  of 
the  steam  before  the  forward  stroke  is  finished,  in  order  to  diminish 
the  back  pressure.  In  an  engine  in  which  there  is  no  release  (the 
exhaust  port  opening  exactly  at  the  end  of  the  forward  stroke),  the 
diagram  during  the  return  stroke  is  usually  a  curve  more  or  less 
resembling  the  dotted  line  C  M  K;  the  lower  side  of  the  ideal  dia* 
gram  used  in  calculation  being  a  straight  line  E  F,  so  placed  that 
its  constant  ordinate  p^  is  equal  to  the  mean  ordinate  of  the  curve. 
L  K  I  is  a  straight  line,  whose  ordinate  O  L  represents  the  pressure 
in  the  condenser  (or  in  non-condensing  engines,  the  atmospheric 
pressure).  By  making  the  release  occur  early  enough,  for  example, 
at  the  point  corresponding  to  F  in  the  diagram,  the  entire  £b&  of 
pressure  may  be  made  to  tSsie  place  towards  the  end  of  the  forward 
stroke,  so  as  to  make  the  back  pressure  coincide  sensibly  with  that 
corresponding  to  the  ordinate  of  K  I;  and  then  the  end  of  the 
diagram  w^  assume  a  figure  represented  by  the  dotted  line  F  I, 
which  is  usually  more  or  less  concave  upwards.  Energy  will  be 
saved  to  the  amount  represented  by  the  rectangle  K  F  x  K  I,  and 
energy  lost  to  the  amount  represented  by  the  area  of  the  figure 
F  C I F;  and  on  the  whole,  energy  will  be  saved  or  lost  according 
as  the  former  or  the  latter  of  those  areas  is  the  larger.  The 
greatest  saving  of  energy  is  insured  by  making  the  release  take 
place  at  a  point  Q  such,  that  about  one-half  of  the  fall  of  pressure 
shall  take  place  at  the  end  of  the  forward  stroke,  and  the  other 
half  at  the  commencement  of  the  return  stroke,  as  indicated  by  the 
dotted  curve  Q  R  S. 

V.  CoTiduction  o/hecU  to  cmdjram  the  metal  of  the  cylinder ,  or 
y  L  To  <md  from  liquid  water  contained  tn  the  cylinder y  has  the 
effect  of  lowering  the  pressure  at  the  beginning,  and  raising  it  at 
the  end  of  the  stroke,  in  the  manner  already  mentioned  incidentally 
in  Article  286,  the  lowering  effect  being  on  the  whole  greater  than 
the  nuaing  effect.  The  general  nature  of  the  change  thus  produced 
in  the  diagram  is  shown  by  the  dotted  line  G  H 1 0  F  in  fig.  112. 
The  bad  effect  of  liquid  water  is  augmented  by  the  increased 
resistance  which  it  produces  to  the  flow  of  the  steam  through  the 
ports  (see  Article  280).  The  remedy  for  these  evils,  by  heating 
the  cylinder  externally,  has  already  been  mentioned  in  Article 
290.  In  some  experiments  the  quantity  of  steam  wasted  through 
alternate  lique&ction  and  evaporation  in  the  cylinder  has  been 
found  to  be  greater  than  the  quantity  which  performed  the  work. 
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YIL   UndulalionSj  sacli  as  tlioee  sketched  in  fig.  113,  ai«  osnaed 
hy  the  inertiit  of  the  indicator  piston,  and  the  ekstidty  of  its  spring. 


Rg.U2.  . 


YSg  118. 


To  diminish  their  extent,  the  spring  of  the  indicator  should  be  stifi^ 
and  its  mechanism  liffht.  When  large,  they  make  it  extremely  dif- 
ficult to  determine  the  mean  effective  pressure  from  the  diagram. 
In  attempting;  to  find  that  pressure,  by  sketching  a  diagram  freed 
from  undulations,  it  is  more  accurate  to  draw  a  line,  such  as  the 
dotted  line  in  the  figure,  midway  between  the  create  and  hoUowe  of  the 
waves,  than  to  draw  a  line  enclosing  the  same  area  with  the  wavy 
line. 

VIII.  The  friction  of  the  indicator,  by  directly  opposing  the 
motion  of  its  piston  and  pencil,  tends  to  make  the  indicated  for- 
ward pressure  less,  and  the  indicated  back  pressure  greater,  than 
the  real  forward  and  back  pi-essure  respectively,  and  so  to  make  the 
indicated  energy  less  than  the  real  energy  exerted  by  the  steam  on 
the  piston;  but  to  what  extent  is  very  uncertain.  According  to 
some  experiments  by  Mr.  Him  {Bulletin  de  Mvlhouee,  vols,  xxvii, 
xxviii.\  the  diminution  of  the  indicated  energy  by  the  friction  of 
the  indicator  agrees  nearly  with  the  work  performed  in  overcoming 
the  fHction  of  the  steam  engine;  so  that  the  indicator  shows,  not 
the  whole  energy  exerted  by  the  steam  on  the  piston,  but  very 
nearlv  the  uerful  work  of  the  steam  engine;  but  it  is  doubtful  how 
far  this  principle  is  generally  applicable;  and  other  experiments, 
especially  those  on  screw  steamers,  are  at  variance  with  it. 

IX.  Position  qf  Indicator, — Experiments  by  Messra  Randolph, 
Bldor,  ii  Co.,  have  proved  what  might  have  been  expected  from  the 
laws  of  fiuid  motion,  that  when  a  rapid  current  of  steam  blows 
aen>i8  the  orifice  of  the  nozzle  of  an  indicator,  the  indicated  pres- 
sure is  less  than  the  real  pressure.  Every  indicator,  therdbre, 
should  be  fixed,  if  possible,  in  a  position  where  it  is  not  exposed  to 
this  cause  of  error. 

292.  mmkmmw  •T  Bagtee  —  BMdeacy  •f  RlMhaalMk  —  The 
energy  lost  through  the  resistance  of  the  engine  comp'ehends  that 
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expended  in  overcoming  the  friction  of  the  mechanism,  in  working 
the  feed  pump,  in  working  the  air  pump  and  cold  water  pump  of 
<x>nden8ing  engines,  and  generally,  in  overcoming  all  resistances 
arising  within  the  engine  itself,  except  the  back  pressure  of  the 
steam. 

Our  knowledge  of  the  amount  of  energy  so  lost  is  still  very  vague 
and  indefinite.  The  formula  (originally  proposed  by  the  Count  de 
Pambour),  by  which  it  is  calculated  approximately,  is  of  the  follow- 
ing kind : — 

Let  Rj  represent  the  useful  load  of  the  engine,  reduced  by  the 
principle  of  virtual  velocities  to  the  piston  as  the  driving  point,  as 
in  Aiidcle  264.  Then  the  prejudicial  resistance,  reduced  to  the 
piston  also,  probably  consists  of  a  constant  part,  which  is  the  resis- 
tance of  the  engine  when  unloaded,  and  of  a  part  increasing  in 
proportion  to  the  useful  load ;  so  that  the  toUd  resistancey  reduced 
to  ^e  piston,  may  be  expressed  in  the  following  form : — 

R  =  (l+/)Ri  +  E„; (1.) 

Bq  being  the  resistance  unloaded,  and  /  the  co-efficient  for  the 
variable  part  of  the  resistance. 

Let  A  be  the  area  of  the  piston;  then  the  total  resistance,  per 
unit  of  area  of  piston,  which  is  equal  to  the  mean  effective  pressure, 
may  be  thus  expressed  : — 

P.=i'--p,=  |  =  (l+/)J  +  5 (2.) 


The  efficiency  of  ike  mechanism  is  given  by  the  formula, 

Ri_      Ri 1. 


"R       A(p.-p8)      j^y^Ro' 


,.(3.) 


Ri 

and  this,  being  multiplied  by  the  effidevusy  of  the  steam,  and  by  the 
^ficiency  of  the  Jumace,  gives  the  restdtarU  ejffidency  of  the  whole 
steam  engine. 

The  unloaded  resistance  is  known  b^  experiment  to  range  from 
^  lb.  to  about  1^  lb.  per  square  inch  of  piston,  including  resistance  of 
air  pump  (as  to  which,  see  p.  509),  and  to  be  on  an  average  1  lb. 
per  square  inch ;  hence  we  may  put,  approximately, 

■^  =  1  lb.  on  the  square  inch  =  144  lbs.  on  the  square  foot... (4.) 
The  value  of /in  well-made  engines  in  the  best  order  is  estimated 
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by  the  Count  de  Pambour  at  -  =  0-143;  and  that  estimate  is  cor- 
roborated by  general  experience,  in  cases  in  which  there  is  no 
special  cause  for  increased  friction.  In  such  cases,  then,  we  may 
put  for  the  gross  resistance,  in  pounds, 

R  =  1|  Rj  +  A  in  square  inches; (5.) 

and  for  the  efficiency  of  the  mechanism, 

^  ^i .== V         .     (6.) 


R       A(p.-p8)      j.j^g^Ajnjnch^*    •  • 

Ri 

In  most  cases  which  occur  in  practice,  a  result  nearly  agreeing 
with  that  of  the  preceding  formula  is  obtained  by  supposing  the 
whole  of  the  prejudicial  resistance  to  be  proportional  to  the  UBCful 
load;  that  is,  by  making 

R  =  (l+/ORi; (7.) 

the  value  oif  being  somewhere  between  0*2  and  0*25. 

In  marine  steam  engines,  a  further  loss  of  work  takes  place  in 
impressing  backward  and  lateral  motion  on  the  water;  the  result 
being  to  make  1  +/'  =  from  1*6  to  1*67  in  ordinary  cases.  (See 
Rvle8  and  Tables,  page  274.) 

293.  Actl«H  •€  Steam  agalast  ■  ka«wa  Bestotaace—PaiakMU^ 
PrabieiiL — The  nature  of  the  problem  now  to  be  considered  with 
special  reference  to  the  action  of  saturated  steam,  has  already  been 
stated  in  general  terms  in  Article  264.  It  was  first  solved  by  the 
Count  de  Pambour.  In  that  author's  solution,  however,  the 
weight  of  steam  produced  in  the  boiler  in  a  given  time  was  treated 
as  a  known  constant  quantity;  while  in  this  treatise,  it  is  the 
availaJble  heat  of  the  furnace  in  a  given  time  that  will  be  treated  as 
a  known  constant  quantity ;  the  problem  being,  when  that  quantity, 
and  the  useful  resistance  to  be  overcome  by  the  engine^  and  the  back 
pressursy  and  also  the  ratio  ofexfpwMion  are  given,  to  find  the  mean 
velocity  unth  which  the  piston  tvUl  move. 

Let  R^  be  the  useful  resistance,  reduced  to  the  piston.  Then 
the  total  resistance,  as  explained  in  Article  292,  is 

R  =  (1+/)R,+R, (1.) 

Divide  this  by  the  area  of  the  piston  or  pistons,  in  a  single  cylinder 
engine,  or  by  the  area  of  the  larger  piston  or  pistons,  in  a  double 
cylinder  engine;  then 
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I (2) 

IB  the  mean  effective  pressure. 

Let  /  be  the  apparent  ratio  of  expansion,  c  the  clearance,  then, 
as  in  Article  291,  Division  II.,  we  have  for  the  real  ratio  of  expan- 
sion, 

""-T+T^ ^^-^ 

Let  the  cushioning  be  adjusted  as  it  ought  to  be  so  as  to  prevent 
appreciable  loss  of  efficiency  by  clearance;  then,  as  in  Article  291, 
Division  III.,  we  have  for  the  mea/n  effective  pressure  in  an  ideal 
diagram,  freed  from  the  effect  of  the  cushioning, 


..(4.) 


rR 
and 

Pm=^P.  +  PS'    J 

From  the  real  ratio  of  expansion  r  find,  by  the  approximate  for- 
mula of  Article  285,  or  Table  VII.,  if  the  cylinder  is  unjacketed, 
or  by  the  approximate  formulse  of  Article  288,  or  Table  VIII.,  if 
the  cylinder  is  jacketed,  the  ratio 

Pi. 
PJ 

then  the  initial  pressure  of  the  steam  will  be 

Pi=^^'(p.+Pz): (5) 

and  the  speed  of  the  engine  will  adjust  itself  so  as  to  maintain  this 
pressure. 

From  the  initial  pressure,  by  the  proper  exact  formulcB  of  Article 
284  or  287,  or  approximate  formulse  of  Ai^ticle  285  or  288,  as  the 
case  may  be,  compute  the  pressu/re  equivalent  to  the  expenditure  of 
Jieca, 

«,=  ll  = a (6.) 

rvj      efficiency  of  steam  '  ^    ' 

Let  W  be  the  number  of  lbs.  of  coal  burned  per  mintUe;  h  the 
available  heat  of  combustion  of  one  lb.  of  coal  in  foot-lbs. ;  then 
the  volume  which  the  piston  loiU  sweep  through  effectively  per  minute 
will  be 
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XT  A        ^^^  n\ 

NA«=  ---; (7.) 

8  being  the  length  of  stroke,  A  the  area  of  piston,  and  N  the 
number  of  revolutions  per  minute,  or  the  double  of  that  number, 
according  as  the  engine  is  sinde  or  double-acting.  This  volume 
being  divided  by  A  gives  the  dtstarioe  moved  through  effectively  by 
the  piston  per  minute  (the  back  strokes  not  being  reckoned  in  a 
single  acting-engine),  viz., 

»-?s-I' -<'> 

being  the  eolvJtion  of  the  problem. 

The  indicated  power,  in  foot-lbs.  ^r  minute,  is 

^.NA«p.=  N*R; (9.) 


and  the  effective  pouoer 

\;^  -^^=N»R,; (10.) 

and  these  quantities  are  reduced  to  horee-potoer,  by  dividing  bj 
33,000. 

When  the  effect  of  clearance  is  inappreciable  (as  is  often  the 
case  in  practice),  the  preceding  formuln  are  simplified  by  making 
c  =  0.  This  is  the  case  in  the  double-acting  engine  firom  which  the 
following  example  is  taken;  being  the  same  engine  which  has 
already  been  referred  to  in  Example  I.  of  Article  288  A. 

Data. 

Resistance  overcome  at  circumference  ] 

of   wheels,   making  one  turn  per  >  12900  lbs. 

double  stroke, j 

Circumference, 64*4  feet 

Length  of  stroke  of  piston, «=:4*25  „ 

Joint  area  of  large  pistons,  A  =  9192  square  inches;  /  estimated 

=  = ;  ^  =;  1  lb.  per  square  inch. 

Back  pressure,  ^3  r=  4  lbs.  on  the  square  inch. 

Weight  of  coal  burned  per  minute, W  =  36  *8  lbs. 

Available  heat  of  combustion  of  1  lb.  )    ,       .  .^^  ^^^  ^    ^  ic 
of  coal, /  ^  =  5,400,000  foot-lbs. 
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Ejbsults. 

Circumference  of  wheels  _  64 '4        ^fQ^e. 
Double  stroke  ^   8'5' 

R,  =  12900  X  ^  =  97736  lbs. 

^1  ^  ^^  =  10-63  lbs.  per  square  inch. 
A.         9192 

p^  -  jE>3  =  U  X  10-63  +  1  =  1315  lbs.  per  square  inch. 
p^  =  1315  +  400  =  1715  lbs.  per  square  inch. 

^  by  Table  Vni.  (for -J  =  O-s)  1-98. 

Initial  pressure  p^  =  1715  x  1-98  =  33-96  lbs.  per  square  inch. 

15ix  33-96      ,^.o 
Pj^  by  approximate  formula  =  ^ =  l^0'6. 

Ap^  =  105-3  x  9192  =  967,918  lbs. 
A  W  =  5,400,000  X  36-8  =  198,720,000  foot-lbs. 

Mean  velocity  of  pistons — 

*Z  =  l£gOM  =  205-3  feet  per  minute; 
Ap^         967,918  ^ 

the  actual  mean  velocity  of  the  pistons  was  204  feet  per  minute. 
Indicated  horse-power,  from  calculated  speed  of  piston — 

205-3  X  13-15  x  9192  _  ^^ 
"         33,000  "       ' 

The  indicated  horse-power  as  observed, 744. 

Effective  horse-power  from  calculated  speed  of  piston — 

205-3  X  97736  _  ^^^ 
33000       "" 

Effective  horse-power  fix)m  observed  speed — 

204  X  97736 


=  604. 


33000 

294.    Cmtuwmmrr    Mode    •f  S«»tiii«    Vwmmmw^m. — The   customary 

mode  of  stating  pressures,  already  described  in  Article  105,  a» 
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applied  to  pressures  of  water,  is  also  applied  to  pressnies  of  steam; 
that  is  to  say,  the  pressure  is  stated,  as  it  is  shown  by  a  gauge  or 
indicator,  in  patmds  per  sqiuire  inch  above  or  bdow  the  cUmospherie 
pressure;  a  pressure  lower  than  the  atmospheric  pressure  being 
treated  as  negative,  and  called  "  vacuum.'*  Pressures  stated  in  this 
customary  manner  are  reduced  to  real  or  absolute  pressaree  by 
adding  them  to  the  atmospheric  pressure  if  positive,  and  subtracts 
ing  them  from  the  atmospheric  pressure  if  negativa  During 
experiments  on  steam  engines  intended  to  serve  as  a  basis  for  exact 
calculations  of  efficiency,  the  atmospheric  pressure  ought  to  be 
observed  from  time  to  time  by  means  of  a  barometer.  When  it 
has  not  been  so  observed,  it  may  be  guessed  at  14*7  lbs.  on  the 
square  inch,  at  the  level  of  the  sea.  As  to  its  diminution  at  higher 
levels,  see  Article  106. 

To  illustrate  this  by  an  example,  suppose  that  the  atmospheric 
pressure,  during  a  given  experiment,  is  actually  14*7  lbs.  on  the 
square  inch ;  and  that  the  pressure  in  the  boiler,  the  initial  pres- 
sure and  mean  back  pressure  in  the  cylinder,  and  the  pressure  in 
the  condenser,  are  shown  by  the  indicator  and  gauges,  and  described 
in  customary  language,  as  follows : — 

Pressure  in  boiler, 23  lbs.  on  the  square  inch. 

Initial  pressure  in  cylinder, 19  „  „ 

Mean  vacuum  in  cylinder, 107  „  „ 

Vacuum  in  condenser, 12*7  „  „ 

Then  the  real  or  absolute  values  of  these  pressui^es  are — 
Pressure  in  boiler,  jOj  :=  14-7  +  23  =  37*7  lbs.  on  the  square  incL 

Pressure  in  con-  \  i  at      1 9-7  —  9 

denser, /  147-1J7  — J 

The  vacuum  in  the  condenser  being  often  measured  by  a  mer- 
curial gauge,  is  sometimes  stated  in  inches  of  mercurj/.  As  to  the 
reduction  of  inches  of  mercuiy  to  lbs.  on  the  square  inch,  see 
Article  107. 

Section  6. — On  the  AcUon  of  Superheated  Steam. 

295.  Oljects  aad  Meili^ds  •€  SaperlMatla«  mtmm. — ^The  principal 

objects  of  heating  steam  to  a  temperature  above  the  boiling  point 
4X>rresponding  to  its  pressure  are  the  following : — 

L  To  raise  the  temperature  at  which  the  fluid  receives  heat,  and 
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BO  to  increase  the  efficiency  of  the  fluid  (according  to  the  principle 
of  Article  265) ;  and  that  without  producing  a  dangerous  pressure. 

II.  To  diminish  the  density  of  the  steam  employed  to  overcome 
a  given  resistance,  and  so  to  lessen  the  back  pressure,  according  to 
one  of  the  principles  stated  in  Article  2S0;  in  customaiy  phrase, 
•*  to  improve  the  vacuum." 

III.  •  To  prevent  condensation  of  the  steam  during  its  expansion, 
without  the  aid  of  a  jacket. 

Those  three  effects  all  tend  to  increase  the  efficiency  of  the  fluid, 
and  economize  fueL 

The  principal  methods  of  superheating  steam  are  the  following : — 

I.  Wi/re-drawing,  as  explained  in  Article  290,  which  occasions 
superheating  when  the  pressure  in  the  cylinder  is  much  less  than 
that  in  the  boiler;  but  seldom  to  an  extent  whose  effects  can  be 
made  the  subject  of  calculation.  Superheating  in  this  way  takes 
place  more  by  accident  than  design,  and  does  not  secure  all  the 
advantages  just  ascribed  to  superheating;  for  although  the  steam 
in  the  cylinder  is  at  a  temperature  higher  than  the  boiling  point 
corresponding  to  its  pressure,  the  steam  in  the  boiler  is  at  a  higher 
temperature  still,  and  at  the  pressure  of  saturation  corresponding 
to  that  higher  temperature. 

II.  SuperhecUing  by  the  steam  jacket,  which  takes  place  when  the 
steam  jacket  communicates  more  heat  to  the  expanding  steam  in 
the  cylinder  than  is  necessary  merely  to  prevent  any  of  it  from 
condensing.  It  does  not  appear  that  this  kind  of  superheating 
produces  an  effect  that  can  be  made  the  subject  of  a  definite  calcu- 
lation. Its  extent  is  limited,  as  in  Method  I.,  by  the  temperature 
in  the  boiler. 

III.  Superheating  in  the  steam  chest,  or  upper  part  of  the  boiler, 
by  means  of  flues  traversing  or  surrounding  it.  By  this  method, 
the  steam  may  be  raised  to  a  temperature  somewhat,  but  not  very 
much  exceeding  the  boiling  point  corresponding  to  the  pressure  in 
the  boiler.  The  advantage  derived  from  superheated  steam 
seems  to  be  greater  with  a  low  degree  of  superheat,  as  the 
inside  surface  of  the  cylinder  is  apt  to  become  too  highly  heated 
for  proper  lubrication  when  the  temperature  is  high. 

V.  Superheating  in  tubes  or  passages  which  the  steam  traverses 
on  its  way  from  the  boiler  to  the  cylinder.  By  this  method  almost 
any  required  temperature  can  be  given  to  steam  of  any  pressure. 
It  ifl  difficult,  if  not  impossible,  to  specify  any  one  as  the  first 
inventor  of  this  process.  Mr.  Frost  was  at  all  events  one  of  the 
first  to  recommend  it  and  cause  it  to  be  put  in  practice.  It  was 
used  many  years  ago  in  the  engines  of  the  American  mail  steamer 
"Arctic"  with  good  effect,  and  has  since  been  used  by  many 
makers  in  many  engines,  chiefly  marine,  with  a  great  variety  of 
forms  of  apparatus,  some  of  which  will  be  described  in  Chap.  IV. 
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y.  SuperhenUing  by  mixture^  where  a  portion  only  of  the  steam 
is  passed  through  superheating  tubes,  and  raised  to  a  very  high 
temperature,  and  then  injected  amongst  the  remainder  of  tlie 
steam  at  or  near  the  cylinder  ports,  so  as  to  bring  the  whole  mass 
of  steam  to  a  temperature  intermediate  between  the  boiling  point 
corresponding  to  its  pressure,  and  the  temperatura  in  the  super- 
heating tubes.  The  mixture  thus  made  was  called  by  the  Hon* 
John  Wethered,  who  invented  the  process,  ^^  combined  Heam,^* 

YI.  Superheating  in  the  cylinder,  by  means  of  a  flue  or  of  a 
furnace,  as  in  Mr.  Siemens*s  steam  engine. 

296.  liiaiiUiti«B  •f  tke  Themr  t«  liiMiai^aa* — The  investigations, 
rules,  and  tables  which  follow  are  confined  to  the  case  of  steam 
which  is  superheated  to  such  an  extent  that  it  may  without 
mateiial  error  in  practice  be  treated  as  perfectly  gaseous.  Steam 
in  that  condition  may  be  called  eieam^gcu. 

The  experiments  of  Him,  of  Sainte-Claire  Deville  and  Troost,  of 
Siemens,  and  others,  have  shown  that  steam  attains  a  con- 
dition which  is  sensibly  that  of  perfect  gas,  by  means  of  a  very 
moderate  extent  of  superheating;  and  it  may  be  inferred  that  the 
formulae  for  the  relations  between  heat  and  work  which  are 
accurate  for  steam-gas  are  not  materially  erroneous  for  actual 
superheated  steam ;  while  they  possess  the  practical  advantage  of 
great  simplicity. 

The  product  of  the  pressure  of  steam-gas  in  pounds  on  the  square 
foot,  p,  and  the  voLume  of  one  pound  of'  it  in  cubic  feei,  v,  at  any 
given  absolute  temperature, 

T  =  T*  +  461'-2  Fahrenheit, 

is  given  by  the  following  formula : — 

T  T  -+-  461®*2 

p  V  =  42140  •  -  =  42140  •  ^-^llE^^ =86-44- j...(l.) 

and  the  results  of  that  formula,  for  every  eighteenth  degree  of 
Fahrenheit's  scale,  from  T  =  d2^  to  T  =  572^,  are  given  in  the 
column  headed  pvin  Table  IX.,  at  the  end  of  this  section.  (See 
Addendum,  page  448.) 

In  the  column  of  the  same  Table  headed  H  are  given  the  valuea 
for  the  same  series  of  temperatures,  of  the  total  heat  ofgae^ficaiion 
in  foot-pounds  required  to  raise  one  pound  of  water  fix>m  the  liquid 
state  at  32^,  to  the  state  of  perfect  gas  at  a  given  temperature, 
under  any  constant  pressure  compatible  with  the  perfectly  gaseous 
state  at  the  latter  temperature.  It  is  assumed  that  saturated 
steam  at  32**  is  perfectly  gaseous,  so  that  the  total  heat  of  gaaefica- 
tion  for  that  temperature,  Hq,  is  simply  the  latent  heat  of  evapora* 
tion,  or 

Ho  =  842872  foot-pounds; 
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and  then  according  to  the  principles  explained  in  Article  258,  we 
have  for  the  total  heat  of  gasefication  of  one  pound  of  steam-cas  at 
any  other  temperature  in  foot-pounds— 

H  =  Ho  +  K,(T-32°)  =  842872  +  371(T-32^....(2.) 

The  following  ai-e  some  equivalent  expressions  for  the  same 
quantity  : — 

H  =  659895  +  371  T  =  659895  + 4Jp»nearly....(2  A.) 
The  column  A  giv«,  the  quantity  of  heat  in  foot-pounds  required 
to  raise  one  pound  of  hquid  water  from  32°  to  a  given  tempeiature : 
the  m<mase  of  the  specific  heat  of  liquid  water  with  temperature 
being  taken  mto  account;  but  in  most  practical  cases  it  is  suffi- 
ciently  accurate  to  use  the  formula 

A  =  772(T-32'') (3.) 

297.   >»dMcr  t  MMM.CI..  KMtmmMmt  wMfeMt  CM.  «!,«••# 

7:^TZ^!^A%  It'  ^**  ^  B  represent  »„  the  volume  occupied  by 
one  pound  of  steam-gas  when  *^       ^ 

first  admitted  into  the  cylinder 
of  an  engine  at  the  pressure 
Pi  =  O  A.  Let  B  C,  being  an 
"  adtabatie"  curve  for  steam  gas, 
represent  by  its  co-ordinates  the 
fell  of  pressure  and  increase  of  » 
volume  of  that  fluid  as  it  ex- 
pands. Let  DC=Vg  =  rvi 
represent  the  volume,  and  03 

=  ;»2,  the  pressure,  at  the  end  of  u-    ,,^     " 

the  expansion,  which  is  assumed  * 

the  ^a^"*^"**  «>  far  as  to  cause  any  appreciable  liquefection  of 

«l^*  -S  ^i7  ^^  "Present  the  mean  back  pressure.  The  probable 
lS^.t  /  ^«  *  P™?*^  superheated'^steam  engine  ^^yb^ 
^wSJ Z  *'"**''?=-^*,  .*"  *'«^*'7  back  pressSe  inTd^ 

P'+P'i 

ia^L^V^r.  **lf:;°f  Tv?"*'  *°4  P"  *»»«  '«l<«tional  pres- 
i^al  rfL^wT  f^^^^  ^"^  P^'^  corresponding  to  the 
initial  pressure  p,^nd  r'^  the  actual  absolute  tem^nitu^  of  the 
steam  admitted.     Then  the  steam-gas  employed  is  less  dense  tC 
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saturated  steam  of  the  same  pressure  in  a  proportion  which  may  be 

expressed  accurately  enough  for  the  present  purpose  by  ^;  so  that 

according  to  a  principle  stated  in  Article  280,  the  probable  back 
pressure  in  the  superheated  steam  engine  will  be 

^3  =  p'+5/ (1.) 


In  most  cases  which  occur  in  practice,  we  may  put  />'==!  lb.  on 
the  square  inch,  and  p"  =  3  Iba  on  the  square  inch ;  so  that 


Pg  =  1  +  3  -,^  in  pounds  on  the  square  inch, 


or 


....(lA.) 


144  +  432  -^  in  pounds  on  the  square  foot 

The  equation  of  the  expansion  curve  BC  may  be  assumed  aa 
analogous  to  that  of  the  corresponding  curve  for  air,  viz. : — 

p  X  v-^;  (2.) 

in  which  y  and  other  indices  and  co-efficients  depending  on  it  for 
Bteam-gas  have  the  values  given  them  in  Article  251,  vis. : — 


r  =  l-3;  y— 1=0-3; 


.(3.) 


1  =  0-77;  '^- 1  =  0-23. 

Hence,  by  an  investigation  similar  to  that  in  Article  279,  Method 
II.,  IS  found  the  following  expression  for  the  energy  exerted  on  the 
piston  by  one  pound  of  steam-gas  : — 


Area  A  B  C  E  F  A  =  U  =  (p«  —  ;?8)  r  t?! 


.(4.) 


To  facilitate  the  use  of  this  equation,  a  series  of  values  of  the 
two  following  ratios  and  their  reciprocals  are  given  in  Table  X.  at 
the  end  of  this  section : — 


'^  =  4i-3ir-*';. 


.(6.) 
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^'^Hr"-3^r'^; (5  a.) 


Pi 

in  which  Table  intermediate  values  of  any  ratio  can  be  interpolated 
as  in  Taules  YII.  and  YIIL,  already  explained  The  following, 
then,  is  the  set  of  formula  to  be  employed  in  computing  approxi- 
mately the  probable  power  and  efficiency  of  superheated  steam 
engines,  according  to  the  provisional  theory  here  adopted : — 

Data. 

Initial  pressure^  p^. 

Initial  abwlute  temperature^  t\  =  T'j  +  46P-2  Fahrenheit 

E€Uio  o/eapannon,  r. 

Mean  back  pressv/re,  p^  known  directly  by  experiment,  or 
estimated  by  the  formula  1  a;  the  absolute  boiling  point,  Vj,  being 
found  by  known  formulse  or  tables. 

Absolute  temperature  of  feed  uxUeTf  t^  =  T^  +  461°-2. 

Temperature  of  condensation,  T^, 

Temperature  of  atmosphere,  T^ 

Results. 

/^  «^  found  from  T^,  by  equation  1  of  Article  296,  or  by  Table 
IX. ;  being  the  gross  energy  exerted  by  the  steam  on  the  piston 
during  its  admission. 

Initial  and  fnal  vclumea  oforie  pound  ofeteaan — 

«^i=i>i^i-i>ii  «^2  =  ^^i (6-) 

— ",  and  — ,  found  by  the  equations  5,  5  A,  or  by  Table  X. 
P\  Pi 

Energy  exerted  per  pound  of  steam;  found  by  equation  4,  or  by 
the  formula — 

U  =  -^'PiV.'-rp^v^', (7.) 

Pt 

Mean  effective  pressure — 

P.  =  P--P3  =  ^^=^-i'.-ft (8-) 

Heat  expended  per  pound  of  steam,  in  foot-pounds — 

ti  =  842872  +  371   (T*.  —  32°)  —  772  (T<  —  32°),.  ..(9.) 

or  i,  =  H,— A,j {9  a.) 

Hj  and  h^  being  found  by  means  of  Table  IX. 
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Pr$88fwre  equivcUerU  to  heat  expended-^ 


p,:=:^ (10.) 

Efficiency  of  steam — 

P._Pm—Pz^^ (11.) 

Ph  Ph  i 

Net  feed  tooUer  per  cubio  foot  swept  through  hy  piston— 

- (12.) 

rvi 

Heat  rejected  per  pomid  of  steam — 

S-TJ (13) 

Htal  rtjtciedper  cubic  foot  swept  through  hy  jntlon — 


Net  condensation  voater — 


,         (14.) 

rvi 


_   heat  rejected  ^,^  . 

-772(T,-Te) ^     '^ 

Available  heat  expended  per  indicated  Itorse-power  per  Jumr — 

1980000^ (16.) 

In  tbe  following  example  (which  is  ideal),  the  engines  are  sup- 
posed to  be  the  same  with  those  already  employed  as  Example  L 
m  Article  288  a;  and  the  principal  question  to  be  solved  by  the 
calculation  is,  what  would  m  the  probable  increase  of  efficiency  and 
saving  of  fuel  if  the  steam,  being  admitted  at  the  same  mean 
pressure  of  34  lbs.  on  the  square  inch,  and  cut  off  at  the  same  mean 
effective  fraction  of  its  final  volume,  0*2,  were  superheated  so  as  to 
be  admitted  at  the  temperature  T*,  =  428",  instead  of  its  present 
mean  temperature  of  admission,  which  is  about  257^°. 


Data. 
^,  =  34X144  =  4896; 

f',^  428 +  461-2  =  889-3. 
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p,  « 144  +  432  •  ^^  =  493  lbs.  on  the  square  foot^ 

OOi7 

(or  3*43  lbs.  on  the  square  inch). 
T^=104. 

Eesults. 


Pi  V],  bj  Table  IX.,  75976  foot-pounds 

«i  =  ToTTs-  =  15-52  cubic  feet 
4oyo 

v^  =:  7-  Vi  =  5  X  15-52  =n  77-6  cubic  feetb 


By  Table  X.—         tL???  =  2-28 ;  ^  =  -456. 

^  Pi  Pi 

Energy  per  poimd  of  steam — 

U  =  2-28  X  75976  -  493  x  77-6 

=  173225  -  38257  =  134966  foot-pounda 

Mean  effective  preseure — 

p«  -Pj  =  -456  X  4896  -  493  « 1740  lbs.  on  the  square  foot, 

=  12-08  lbs.  on  the  square  inch. 

Heai  eoopended  per  pound  of  steam — 

J  =  989788  -  55612  =  934176. 

Pressure  eqtUvalent  to  heat  expended — 

934176 
P»  =  -y.^^     =  12038  lbs.  on  the  square  foot 

=  83-6  lbs.  on  the  square  inch. 
Efficiency  of  steam — 

134968  _   1740  _  12-08 

934176  ~  12038  "  83-6    "  ^        ' 

being  superior  to  the  efficiency  with  dry  saturated  steam,  as  com- 
puted in  Article  289,  Example  I.,  in  the  ratio 
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The  ayailable  heat  expended  per  indicated  horse-power  per  hour 
would  be 

i^^  =  13655000  foot-pounds; 

and  supposing,  as  in  some  previous  examples,  the  available  heat  of 
combustion  of  one  pound  of  the  coal  employed  to  be 

5400000  foot-pounds, 

the  consumption  of  coal  per  indicated  horse-power  per  hour  would 
be 

13655000 

5400000"^^^^*^' 

which,  being  subtracted  from  the  actual  consumption,  2'97,  shows 
a  saving  of  0*44  lb.,  or  about  15  per  cent 

This  is  less  than  the  saving  which  has  usually  been  found  by 
experiment  to  result  from  superheating;  the  reason  probably  being, 
that  in  the  preceding  calculation  no  account  is  taken  of  the  in- 
creased efficimcy  ofthejwmace,  owing  to  the  superheating  apparatus 
taking  up  heat  which  would  otherwise  have  been  wasted. 

To  estimate  the  probable  effect  of  this  cause  in  giving  increased 
economy,  let  us  make  the  supposition  (which  appears  to  have  been 
nearly  realized  in  some  cases),  that  the  %cSu>le  of  the  superheating  is 
effected  by  heat  which  woula  otherwise  have  been  wasted. 

Foot-lbt. 
Then  the  heat  required  to  produce  1  lb.  of  saturated 
steam  at  34  lbs.  on  the  square  inch,  from  water  at 

104^  being. 840,000 

and  the  heat  required  to  produce  1  lb.  of  superheated 
steam  at  428''  Fahrenheit,  from  water  at  104"^ 
being,  as  computed  before, 934^7^ 

the  difference, 94>i76 

is  to  be  considered,  according  to  the  supposition  made,  as  heat 
saved  by  the  superheating  apparatus;  so  that  the  efficiency  of  the 
furnace  is  increased  in  the  ratio 

934176      ,  „         , 
g^^g^  =  Ml  nearly; 

and  the  available  heat  of  combustion  of  the  coal,  instead  of 
5.400,000,  becomes. 
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5,400,000  X  Ml  =  6,000,000  foot-lbs. 

giving  as  the  probable  consumption  of  coal  per  indicated  horse* 
power  per  hour, 

13655000 
6000000-'*'^^^^' 

which,  being  subtracted  from 2*97 


Bhowsa  saving  of.... 0-69  lb. 

or  about  23  per  cent.  This  agrees  very  nearly  with  the  general 
results  of  practice. 

298.   Bfllclencr  •f  Steam-Oas   M^x9tmdim%  at  Coaataac   TcBipera« 

tave. — If  the  temperature  of  steam-gas  be  maintained  constant 
during  its  expansion,  bj  means  of  a  flue  round  the  cylinder,  or 
otherwise,  its  action  is  represented  approximately  by  malring  the 
curve  B  0,  fig.  114,  a  common  hyperboLEk,  so  that 

1 
pa  -. 

V 

In  this  case,  the  principal  formukd  are  the  following : — 
Energy  exerted  by  I  lb,  of  steam 

=  area  ABOEFA 

=  ^  =  (P« -;>j)  *•  «^i  =1>1  ^1  (1  +  iiyp  log  r)  -  pg  »•  Vi- .  (1.) 

!:|=  =  l  +  hyplogr; (2.) 

r\ 

g^^l+hyplogr 

f^  r  ^       ^ 

A  series  of  values  of  these  ratios,  and  of  their  reciprocals,  \&  given 
in  Table  XI.  at  the  end  of  this  section. 

The  heal  eaepended  per  pound  of  steam  consists  of  the  total  heat  of 
gas^icationjfrom  T^,  the  temperature  of  the  feed  water,  to  T^^  the 
temperature  of  the  steam-gas,  as  already  computed  in  Articles  296 
and  297,  and  given  by  the  aid  of  Table  IX.,  and  of  the  laterU  heat 
qfeacpansion  which  the  steam  receives  to  maintain  its  temperature 
constant  in  the  cylinder,  and  whose  value  is 

Pit;ihyplogr=:85-44Tjhyplogr  =  ;>it?i  •  ^^  -  l)>....(3.) 
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heuoe,  denoting  the  whole  expenditure  of  heat  per  lb.  of  steam  hy  j^ 

■c  842872  +  371  (Ti  -  32^  -  772  (T^  -  32*^ 
+  85-44  hyp  log  r  (Tj  +  461^-2) 

«  659895  +  ft  t?^  (zi  +  LE^^^772  (T^-32^....(4) 

To  illustrate  this  mode  of  employing  steam-saa,  let  the  data 
taken  be  the  same  as  in  the  example  of  Article  297;  that  ig,  let 

j9.  =  34x144  =  4896; 

/,  =  889-2  =  428°+ 461-2; 

a  =  493; 
T^  =  104^ 

Results. 

PjVi  =  75976;  Vi=  15-52;  rri  =  77-6;  as  before. 

By  Table  XL,        ''^*  =  2-61 ;  ^  =  -523. 
Pi  Pi 

Energy  p§r  lb,  of  steam — 

U  =  2-61  X  75976  -^  493  x  77-6 

=  198297-38257  =  160040  footrlba 

Mean  effective  preeeuare — 

p.  -  ^3  =  -533  X  4896  -  493  =s  3063  Iba.  on  the  square  foot 

s=  14*33  lbs.  on  the  square  inch. 

Heat  eoependedper  lb.  o/eteam — 

i  =  989788  -  55612  +  75976  x  1-61 
B  934176  +  122321  s  1056497  foot-lba 
Preenure  equivcUent  to  that  heat — 

1056497      ,ofli«,u         xv  ^    . 

Pk  =     yy.g     =  13615  lbs.  on  the  square  foot 

s  94-5  Iba.  on  the  square  inch. 
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Efficiency  of  steam— 

160040^  __  2063  _  14-33 
1056497  "  13615  ""  94-5 


=  0152, 


l>eing  superior  to  the  efficiency  with  dry  saturated  steam  in  the 
iratio 

5^=  1-236:1  nearly. 

The  available  heat  expended,  per  indicated  horse-power  per  hour, 
DTould  be  in  this  case 

1^=13,000^  foot-lbs. 

If  the  efficiency  of  the  furnace,  as  in  the  second  mode  of  treating 
the  example  in  Article  297,  be  supposed  to  be  such  that  the  avail- 
able heat  of  combustion  of  1  lb.  of  coal  is 

6,000,000  foot-lbs., 

the  probable  consumption  of  coal  in  the  engine  now  under  oon- 
sideration,  per  indicated  horse-power  per  hour,  is  found  to  be 

13000000       .^,.,, 
6000000=^'^^^^ 

which  being  subtracted  from  the  | 
actual   consumption  with  dry  >  2*97 
saturated  steam, j 

shows  a  saving  of. 0*80  lb. 

or  27  per  cent. 

299.   BfllcleMcy  •fScouB-CUM  wltli  WLmwammnomt^mmmmmt^  Bagtee. 

— The  "regenerative  steam  engine"  of  Mr.  0.  "W.  Siemens,  is  one 
which  so  £Eur  agrees  with  the  description  in  the  last  Article,  that 
superheated  steam  works  expansively  in  it  at  a  temperature  main- 
tained nearly  constant  by  placing  the  cylinder  over  a  fiimaoe;  but 
the  steam  on  its  way  to  and  frx>m  the  space  below  the  plunger  of 
that  cylinder,  traverses  a  "regenerator"  nearly  resembling  that  of 
Stirling's  air  engine  (see  Article  275),  the  effect  of  which  is,  that 
the  whole,  or  nearly  the  whole,  of  the  heat  employed  to  raise  the 
temperature  of  the  steam  above  the  boiling  point  coiresponding  to 
its  pressure,  is  obtained  at  each  stroke  frx>m  the  regenerator,  in 
which  that  heat  has  previously  been  stored  by  steam  leaving  the 
hot  end  of  the  cylinder. 
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The  whole  of  the  formuliB  of  the  Article  298  are  made  applicable 
to  this  case,  by  simply  taking  for  the  value  of  H^,  the  Mai  kecU  of 
evaporcUion  of  1  lb.  of  steam  at  the  boiling  point  r^,  corresponding  to 
its  pressure,  as  given  by  Table  VI  at  the  end  of  the  volume, 
instead  of  the  total  heat  of  gasefication  at  the  working  temperature 
T^^.  Suppose,  for  example,  that  the  data  are  the  same  as  in  the 
last  Article.  Then  the  total  heat  of  evaporation  of  steam  at  34 
lbs.  on  the  square  inch,  the  feed  water  bein^  at  104°,  as  computed 

from  Table  VL,  is H,  —  A^  -=  840000  foot-lbs., 

the  latent  heat  of  expau- )  /r  p«      -\       ,00001 

sion,  as  in  Article  2^!.  /  P^  ^»  V^f"   /  == 

and  the  heat  expended  per  lb.  4>f  steam  f| =  962321  foot-lbs. 

Also,  the  energy  exerted  by  1  lb.  of  steam,  being,  as  in  Article 

QQQ 

U  s  160040  foot-lba., 
the  effidmey  of  the  gltam  it 

160040  _ 
^-^=  962321  =  ^^**^' 

consequently,  the  available  heat  expended  per  indicated  horse- 
power per  hour  is 

^^^^  =  11,930,000  foot-  lbs.  nearly. 

Taking  the  same  estimate  of  the  available  heat  of  combustion  of  1 
lb.  of  coal,  as  in  Article  298,  this  would  give  for  the  consumption 
of  coal  per  indicated  horse-power  per  hour 

11,930,000  ,. 

"poc^ooo  -  ^  ^^  *^' 

The  efficiency  of  this  engine  is  capable  of  being  greatly  increased 
by  working  at  a  high  temperature;  for  while  the  energy  exerted 
by  the  steam  increases  nearly  as  the  absolute  temperature,  it  is 
only  the  latent  heat  of  expansion  which  increases  in  the  same  pro- 
portion :  the  total  heat  of  evaporation  remaining  constant  if  the 
pressure  is  constant  Mr.  Siemens  states,  that  in  some  of  his 
experiments  with  this  engine,  the  consumption  of  fuel  was  only 
V5  lb.  per  indicated  horse-power  per  hour. 

The  heating  apparatus  described  at  the  end  of  Article  275| 
might  probably  be  applied  to  this  engine  with  advantaga 
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IX, 

Table  of  Elasticitt  akd  Total  Heat  of  One  Pound  of 
Steam-oas. 
T  pv  n  h 

32' 42140 842872   o 

50  43678  849550  13896 

68        45216        856228        27792 
86        46754        862906        41702 

104        48292        869584        55612 

122 49830 876262  69522 

140        51368        882940        83459 

158        52906        889618        974T1 

176        54444        896296        I I 1363 

194        55982        902974        125357 

212 57520 909652  139363 

«3o        59058        916330 

248        60596        923008 

266        62134        929686 

284        63672        936364 

302 65210 943042 

320        66748        949720 

338        68286        956398 

356        69824        963076 

374        71362        969754 

392 72900 976432 

410        74438        983110 

428        75976        989788 

446        77514        996466 

464        79052       1003144 

482 80590 1009822 

500        82128       10 I 6500 

518        83666       1023178 

536        85204       1029856 

554        86742       1036534 

572 88280 1043212 

Explanation. 

T,  temperature  on  Fahrenheit's  scale. 

p  V,  product  of  the  pressure  in  pounds  on  the  square  foot,  and  volume 
in  cubic  feet,  of  one  potmd  of  steam  in  the  perfectly  gaseous  condition,  or 
**  steam-ess.^' 

H,  totu  heat,  in  foot-pounds  of  energy,  required  to  convert  one  pound 
of  water  at  82^  into  steam-eas  at  T**,  under  any  constant  pressure. 

A,  heat,  in  foot-pounds  of  eneray,  required  to  raise  the  temperature  of 
one  pound  of  water  from  82**  to  T^. 
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X. 

•Table  of  Approximate  Ratios  for  Steam-Gas  wobkiko 

EXPAVSIYELT  IK  A  NON-COMDUCTINO   CyUKDER. 


r 

1 

rp« 

.pl. 

£l 

£- 

f 

Pi 

rpm 

P» 

Pi 

30 

•05 

3-97 

•33<» 

6-72 

•149 

I3J 

•07s 

3 -So 

•357 

476 

•3IO 

10 

•I 

3-66 

.376 

3-76 

•366 

8 

•125 

255 

•393 

3'U 

•318 

6t 

•IS 

2-45 

•409 

"•73 

.367 

5 

•a 

3-28 

•439 

3*30 

•456 

4 

•25 

213 

•469 

1-87 

534 

3* 

•3    . 

3'OI 

•497 

1-66 

•603 

2* 

•35 

1-90 

•526 

1-50 

•665 

2k 

•4 

I -80 

•665 

1-39 

720 

2i 

•45 

I-7I 

•585 

I  •30 

.770 

3 

•5 

1*63 

•615 

1-33 

•813 

lA 

•55 

f55 

•646 

117 

•851 

li 

•6 

1-47 

•679 

I-I3 

•884 

Itt 

•65 

1-40 

•713 

I'lO 

•913 

I? 

•7 

134 

•747 

107 

•937 

li 

•75 

1-28 

•784 

104 

•967 

li 

•8 

1-33 

•822 

103 

•973 

lA 

•85 

116 

•8«3 

1-015 

•985 

It 

•9 

I'lO 

•906 

I -01 

•993 

EXPLAKATIOM. 

r,  ntio  of 

ezpanaon. 

-,  real  cat-o£ 

^j,  absohite  pressure  of  admisaioiL 
p^  mean  absolute  pressure. 

— ^,  ratio  of  whole  gross  work  of  steam  on  pbton  to  gross  work 

during  admission* 

^  9  ratio  of  gross  work  during  admission  to  whole  gross  work. 
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XL 
Table  of  Approxiiiate  Ratios  for  Perfect  Gases  ivorkinq 
Expansively  AT  Oonstaitt  Temperature:  also  for  nearly- 
dry  Steau. 


r 

1 

2- 

El 

Pi 

^ 

r 

Pi 

rp. 

Pm 

Pi 

ao 

■05 

4-00 

•250 

S^oo 

•300 

13* 

•075 

3^59 

•379 

3-73 

•269 

10 

•1 

3-30 

•303 

303 

•330 

8 

•135 

3-08 

•325 

3 -60 

•385 

6* 

•15 

3-90 

•345 

3-30 

•435 

5 

•3 

3-6l 

•383 

193 

■522 

4 

•25 

339 

•419 

1-68 

•596 

31 

•3 

3 -20 

•454 

I -51 

•661 

2| 

•35 

2-05 

•488 

1-39 

•717 

2* 

•4 

I -91 

•523 

1-31 

•7<>5 

n 

'45 

I -So 

•556 

1-24 

•809 

3 

•5 

1-69 

•591 

118 

•846 

I* 

•55 

I  "60 

•626 

I-I4 

•878 

n 

•6 

1-51 

•662 

i-io 

■906 

»iV 

•65 

143 

•699 

1-07 

.929 

H 

•7 

136 

•737 

I -05 

•950 

H 

•75 

1-29 

•777 

1-04 

•965 

H 

•8 

1-23 

•818 

I -OS 

•978 

>iV 

•85 

116 

•860 

I-OI 

•989 

H 

•9 

I'll 

•905 

I -01 

•995 

Explanation. 
r,  ratio  of  expansion. 

-,  real  cut-off. 
r 

Pi,  absolute  pressure  of  admissioiL 
p^  mean  absolute  pressure. 

TV        '      , 

— ^-^,  ratio  of  whole  gross  work  of  gas  on  piston  to  gross  work 
Pi 
dming  admission. 

— ^  ratio  of  gross  work  during  admission  to  whole  gross  wort 
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Section  7. — OfBiruvry  Vapour  Engines. 

300.  OcMMl  ]>«M!rlpUM  •€  the   BiMrf  TapMir  BaslMe. — This 

engine,  the  invention  of  M.  Prospdre-Yincent  du  Ti'embley,  is 
driven  bj  the  combined  action  of  two  different  fluids,  a  less  and  a 
more  volatile,  in  two  separate  cylinders.  The  less  volatile  fluid  is 
evaporated  in  a  boiler,  and  drives  the  piston  of  its  cylinder,  in  the 
usual  way.  On  being  discharged,  it  is  passed  vertically  down- 
wards through  a  set  of  small  tubes,  contained  within  a  cylindrical 
vessel :  the  less  volatile  fluid,  passing  downwards  through  the  tubes, 
is  liquefied,  and  gives  out  its  neat  to  the  more  volatile  fluid,  which 
ascends  in  the  space  surrounding  the  tubes,  and  reaches  the  top  of 
the  vessel  in  the  state  of  vapour.  This  vapour  drives  the  piston 
of  a  second  cylinder,  during  the  return  stroke  of  which  it  is 
expelled  into  a  second  surface  condenser,  consisting  also  of  a 
number  of  small  vertical  tubes;  the  vapour  passes  downwards 
through  these  tubes,  which  Are  surrounded  by  a  copious  stream  of 
cold  water;  this  abstracts  heat  fi*om  the  vapour,  and  causes  it  to 
be  condensed,  and  the  liquid  thus  produced  is  pumped  back  into 
the  evaporatine  vessel  to  perform  its  work  over  again. 

The  less  volatile  fluid  is  always  water;  for  tiie  more  volatile, 
aether  is  usually  employed. 

Full  details  of  the  construction  and  mode  of  working  of  these 
engines  are  given  in  M.  du  Trembley's  work,  entitled,  Manuel  du 
Candueteubr  dee  'Machines  d,  Vapeura  combineee  ou  Machines  Binaires 
(Lyons,  1850-51);  and  accounts  of  their  performance  are  contained 
in  a  report  by  Mr.  Oeotge  Rennie,  published  in  1852;  in  a  litho* 
graphed  report  by  M.  E.  Gk)uin,  on  the  experimental  trip  of  the 
ship  '<  Br^sil,"  in  1855 ;  and  in  a  paper  by  Mr.  James  W.  Jamieson, 
read  to  the  Institution  of  Civil  Engineers  in  February,  1859. 

301.  TheMT  •r  tke  Sicui-aMd-Atker  £■«!■•. — In  fig.    115,   let 

A  B  0  E  F  A  represent  the  diagram  of  the  tteam  cylinder,  and 
E  L  M  P  Q  K  that  of  the  sether  cylinder. 


A        B 

o 


Fig.  116. 

Let  ^2  =  O  A  be  the  absolute  pressure  of  the  steam  at  its  admis- 
sion: 
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v^  »  A  B,  the  volame  of  one  lb.  of  it  when  admitted ; 

r  Vj  =  D  C,  the  volnme  to  which  it  expands; 

Let  H.  denote  the  available  heat  expended,  in  foot-lb&  per  lb.  of 
steam ;  U  =  area  A  B  C  E  P  A,  the  energy  exerted  on  the  piston 
by  one  lb.  of  steam.  Then  the  heat  rejected  by  each  lb.  of  steam, 
and  given  out  through  the  tubes  to  the  aether,  is  given  by  the 
equation 

Hj  =  H,  -  V; (1.) 

^nd  several  examples  of  the  mode  of  computing  this  quantity  of 
heat  have  been  given  in  the  preceding  sections. 

To  find  what  volume  will  be  filled  with  aether  vapour  by  means 
of  this  heat,  in  the  first  place  must  be  computed  the  expenditure  of 
heat  per  cubic  foot  qfcether  vapour,  produced  at  the  pressure  under 
which  the  aether  is  evaporated,  which  is  supposed  to  be  given  and 
represented  by  p\  =  O  K,  and  is  necessarily  a  pressure  correspond- 
ing to  a  boiling  point  lower  than  the  temperature  at  which  the 
steam  is  condensed.     That  expenditure  of  heat  is 

L'  +  Jc'D'(T'  -  T"), (2.) 

-where  L'  =  «■'  -j~  is  the  latent  heat  of  evaporation  of  one  cubic 

ct  ^ 

foot  of  aether  vapour  under  the  given  pressure,  calculated  by  a 
formula  of  the  kind  given  in  Article  255,  or  by  the  aid  of  Table  Y. ; 
J  c'  =  399-1  foot-lbs.  per  degree  of  Fahrenheit,  is  the  specific  heat 
of  liquid  aether;  D'  is  the  weight  of  one  cubic  foot  of  aether  vapour, 
found  by  the  formulae  of  Article  256,  or  by  the  aid  of  Table  V. ;  T' 
is  the  temperature  at  which  the  aether  is  evaporated,  and  T"'  that 
at  which  it  is  condensed,  and  returned  to  the  evaporating  apparatus. 
Then  the  initial  volume,  repi^esented  by  K  L  in  the  figure,  of  the 
lether  evaporated  per  lb.  of  steam  condensed,  is  found  by  means  of 
the  equation 

H 

M'  =  KL -  u-:rrc^j)\T:rT') ^^-^ 

Let  p*  =  O  N  denote  the  intended  final  pressure  of  the  aether 
vapour,  at  the  end  of  its  expansion,  and  p"'  its  mean  back  pressure, 
which  appears  to  be  about  5  lbs.  on  the  square  inch.  Then  from 
the  data,  p",  p",  />"',  T"',  by  means  of  the  formulae  of  Articles  281 
and  284,  substituting  .only  the  constants  which  apply  to  aether  for 
those  which  apply  to  steam,  and  using  Table  V,  instead  of  Table 
IV.,  may  be  computed — 

The  ratio  of  expansion  r',  and  thence  the  final  volume  M'N  ^r'u 
of  the  aether  evaporated  per  lb.  of  steam; 
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The  energy  exerted  by  that  aether,  represented  by  the 
K  L  M  Q  K  =  XT'. 
The  ratio 

MN-5.DC  =  »^w'-^  rvi (4.) 

is  that  of  the  volume  of  the  aether  cylinder  to  the  volume  of  the 
steam  cylinder.  In  practice,  those  cylinders  are  either  of  equal 
size,  or  the  cether  cylinder  is  somewhat  the  larger. 

The  heat  per  lb.  of  steam  to  be  abstracted  by  the  cold  water 
which  circulates  in  the  eether  condenser  is  given  by  the  expression 

Hj  -U  -U' (0.) 

The  mean  effective  pressures  in  the  steam  cylinder  and  lether 
cylinder  respectively,  are 

U  -^  r  Vi  and  U'  -T-  r'  w (6.) 

The  same  amount  of  additional  energy,  which  is  obtained  by  the 
addition  of  the  aether  engine  to  the  steam  engine,  might  also  be 
obtained  by  continuing  the  expansion  of  the  steam  sufficiently  fietr, 
as  represented  by  the  line  C  H  G,  provided  a  sufficiently  low  back 
pressure  could  be  insured;  but  this  might  require  in  some  cases  a 
cylinder  so  large  as  to  be  more  costly  than  the  binary  engine. 

302.  Bzainpie  mi  Remiiia  •f  Kxpcriineats. — The  following  quan- 
tities are  meana^  computed  from  a  long  series  of  experimental  results 
given  in  M.  Gouin's  report^  already  mentioned,  on  the  performance 
of  the  steam  and  aether  engines  of  the  "  Bi^sil:" — 

PRB88URB8  I!l   LBS.    ON  THE  8QUARC  IHCB. 

In  boiler  or  Back  Mean 

evaporator.  pmsara.  cffiBctira. 

Steam, 43-2  7-6  ii-6 

-^ther, 312  53  71 

Total  mean  effective  pressure  reduced  to  the  area 
of  one  piston^  the  areas  and  strokes  of  the  steam 
and  aether  pistons  having  been  in  this  case  the 
some, 187 

It  thus  appears  that  the  proportions  of  the  indicated  power  of 
the  engine  obtained  in  the  steam  and  aether  cylinders  respectively, 
were  as  follows:— Steam,  1I'6  -j-  18-7  =-62;  aether,  7*1  -5-  18-7  = 
•38. 

The  gain  of  power,  however,  by  the  addition  of  the  aether  engine, 
is  not  quite  so  great  as  thin  calculation  shows ;  because,  had  the 
steam  cylinder  been  used  aloue,  the  back  pi-essure  would  have  been 
in  all  probability  about  3  lbs.  on  the  square  inch  less;  that  is, 
about  4-6  instead  of  7*6;  so  that  the  mean  effective  pressure  in  the 
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steam  cylinder  would  have  been  14*6  instead  of  11-6;  and  the  pro- 
portion borne  by  the  power  of  the  steam  engine  alone  to  that  of 
the  binaiy  engine  wonld  have  been 

14-6  H-  18-7  =  -77,  leaving  1-00  -  -77  =  -23 

of  the  whole  power  of  the  binary  engine,  as  the  real  gain  due  to  the 
lether  engine. 

The  consumption  of  fuel,  according  to  M.  Gouin's  report,  was 
either  2*8  or  2*44  lbs.  of  coal  per  indicated  horse-power  per  hour, 
according  as  certain  ex[)eriments  made  under  peculiarly  advei-se 
circumstances  were  included  or  excluded. 

The  binaiy  engine  is  not  more  economical  than  steam  engines 
designed  with  due  regard  to  economy  of  fuel ;  but  by  the  addition 
of  an  aether  engine,  a  wasteful  steam  engine  may  be  converted  inta 
an  economical  binary  engine. 


Addendum. 

302  a.  BxpiMive  Oaa-BHgiBe. — In  Lenoir^s  gas-engine,  air  and 
ooal-gas  in  proper  proportions  are  introduced  into  a  cylinder;  the 
admission  is  cut  off,  and  the  mixture  exploded  by  electricity;  the 
explosion  causes  a  sudden  increase  of  pressure ;  the  gaseous  mix- 
ture expands,  driving  the  piston  before  it  till  the  stroke  is  com- 
pleted, and  is  expelled  during  the  return  stroke.  The  cylinder  is 
prevented  from  overheating  by  water  circulating  in  a  coil.  BL•^st 
proportion  of  mixture,  eight  volumes  of  air  to  one  volume  of  coal- 
gas.  Absolute  pressure  immediately  after  explosion,  j9^  =  about  5 
atmospheres,  or  10,580  lbs.  on  the  square  foot.  Let  the  atmos- 
pheric pressure  be  denoted  by  p^;  then  available  heat  of  explo>iou, 
per  cubic  foot  of  explosive  mixture,  H.  =  2*5  (p^  —  Po)  =  21,1  GO 
foot-lb&,  nearly.  (This  is  about  ifiree-eigtulis  of  the  total  heat  of  tlie- 
explosion  ) 

Let  r  be  the  ratio  of  expansion,  p^  the  final  absolute  pressure ; 

W  the  indicated  work  per  cubic  foot  of  explosive  mixture;  p,  the 
mean  effective  pressure;  then 

7 

P2  =  PiT  *  nearly; 
W  =  2-5  {p,  -  p,)  -  3*5  (r  ^l)p,^{r-^  1)  (p,  -  p,) ; 
;?,  =  W  -r  r. 

Bate  of  expansion  for  greatest  efficiency,  r^  =  (--]  i  =  3*16 

nearly;  thenp2=Po'j  and 

Wj  =  2*5  (p,  -  p^)  -  3*5  (r  -  l)pt, 
2g 
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The  preceding  formulae  include  no  deductions  for  losses  through 
increased  back-pressure,  and  through  abstraction  of  heat,  from 
the  gas  which  is  in  the  act  of  expanding,  by  the  cold-water  coil. 
These  losses,  chiefly  from  the  last-mentioned  cause,  are  so  great  as 
to  increase  the  expenditure  of  coal-gas  per  indicated  horse-power 
[)er  hour  nearly  four-fold,  its  actual  amount  being  about  140 
^ubic  feet,  according  to  experiments  by  Tresca. 

In  Hugon's  gas-engine  a  small  jet  of  water  in  the  state  of  spray 
is  injected  into  the  cylinder  by  a  pump  during  each  return  stroke. 
This  at  once  diminishes  the  back-pressure,  and  lessens  the  supply 
of  water  required  for  the  cold-water  coil.  The  expenditure  of  coal- 
gas  per  indicated  horse-power  per  hour,  according  to  experiments 
by  Tresca,  is  about  85  cubic  feet,  or  about  2^  times  that  given  by 
the  preceding  formulse.  The  explosive  mixture  is  fired  by  being 
|mt  into  communication  with  a  gas-fiame. 

In  Otto  and  Langen's  gas-engine  there  is  a  very  tall  vertical 
cylinder  containing  a  piston,  whose  rod  is  connected  with  the  fly- 
•wheel  shafc  by  means  of  ratchet-work,  which  acts  during  the 
•down-stroke  only.  The  exijlosive  mixture  is  admitted  below  the 
piston,  and  fired  by  being  put  in  communication  with  a  gas-flame. 
The  piston,  being  free  from  connection  with  the  fly-wheel  nlmfb, 
shoots  up  with  great  speed  until  it  is  brought  to  rest  by  gravity, 
and  by  the  atmospheric  pressui^;  the  burnt  gas  cools  so  rapidly 
by  the  expansion  as  to  give  out  very  little  heat  to  the  cylinder, 
and  it  falls  at  the  end  of  the  ex[)au8ion  to  a  pressure  much  below 
-the  atmospheric  pressure.  A  water-jacket  round  the  lower  end  of 
•tthe  cylinder  only  is  found  sufficient  to  prevent  overheating  The 
•down-stroke  is  performed  by  means  of  the  atmospheric  pressure, 
and  of  gravity,  opposed  by  the  back-pressure;  which  during  a 
great  part  of  the  stroke  is  about  \  atmosphere,  and  towards  the 
«nd  rises  to  1  atmosphere  by  compression  ;  and  then  the  gas  is  ex- 
|>elled.  The  explosive  mixture  consists  of  one  volume  of  coal-gas 
.and  nine  volumes  of  air;  the  pressure  immediately  after  explosion 
;i8  from  4  to  6  atmospheres;  the  expenditure  of  coal-gas  per  indi- 
.cated  hoi-se-power  per  hour  is  said  to  be  about  35  cubic  feet  (See 
Verhandlungm  des  Vereins  fiir  Gewerbfleiss  in  Prmtisen^  1868.) 
^(See  also  Section  on  Gas^  Oily  and  Air  Eng  nes,  by  Bryan  Donkin, 
M.Inst.C.£.,  at  end  of  this  volume.) 


Addendum  to  Article  296,  Page  430. 
Empirical  formula  fur  elasticity  of  steam-gas  at  the  temperature 
corresponding  to  the  pressure  p'  and  volume  v  of  saturated  steaiii. 
Kjetpg^  1  atmos2>here;  then 

pv=p'v'  +  1737  U'\ 
oin  S/upbuUdinq,  Theoretical  and  Practical,  yai^o  i!oO.) 
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CHAPTER  lY. 

OF  FURNACES  AND  BOILERS. 

SEcnoN  I. — OfBoUera  and  Furnaces  in  general. 

303.  OrHcral  Amafrciiieato  •€  Paraace  and  B4»iler. — The  nSTial 

relative  arrangements  or  positions  of  the  furnace  and  boiler  of  a 
steam  engine  may  be  divided  into  three  principal  classes ;  as 
follows : — 

I.  In  the  Bxteniai  Farnace  Bailer,  the  furnace  or  fire-chamber  is 
wholly  outside  of,  and  partly  in  contact  with,  the  water  vessel  or 
boiler ;  so  that  the  boiler  forms  part  of  the  boundary  of  the  furnace 
(generally  the  top).  The  other  boundaries  of  the  furnace  are 
usually  built  of  fire-brick.  As  to  the  thickness  required  to  prevent 
loss  by  radiation,  see  Article  228.  Examples  of  this  are — the  old 
hay-stack  boiler  and  wagon  boiler,  the  plain  cylindrical  boiler, 
without  internal  flues,  and  some  boilers,  such  as  Gumey's,  Perkins's, 
and  Craddock's,  in  which  the  water  and  steam  are  contained  in 
tubes  surround«i  by  the  flame. 

II.  In  the  iBieraai-FarBiice  Bailer,  the  fire-chamber  is  enclosed 
within  the  boiler.  Examples  of  this  are — ^the  boilers  now  most 
common  in  land  engines,  with  one  or  more  furnaces  contained  in 
horizontal  cylindrical  internal  flues ;  most  marine  boilers ;  and  all 
locomotive  boilers. 

III.  The  Beraebed  Faraace  or  Orea  is  a  fire-chamber  built  of 
brick,  in  which  the  combustion  is  completed  before  the  hot  gas 
comes  in  contact  with  any  part  of  the  boiler.  This  has  been 
already  referred  to  in  Article  230,  page  283. 

304.  The  PHaclpal  Parts  aad  Appeadagee  af  a  Faraace  are — 

f.  The  fumace  proper,  or  fire-hox,  being  the  space  where  the 
solid  constituents  of  the  fuel,  and  the  whole  or  part  of  its  gaseous 
constituents,  are  burned. 

II.  The  grate,  being  that  ]>art  of  the  bottom  of  the  fumace 
proper  which  is  composed  of  alternate  bars  and  spaces,  to  support 
the  fuel  and  admit  air. 

HI.  The  hearth  \s  a  floor  of  fire-brick,  on  which,  instead  of  on 
a  grate,  the  fuel  is  burned  in  some  furnaces. 

IV.  The  dead  plate,  or  dvmnb  plate,  being  that  part  of  the  bottom 
of  the  fumace  proper  which  consists  of  an  iron  plate^  without  ban 
and  spocea 
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y  The  mouth-piece,  being  the  passage  through  which  fuel  ia 
introduced,  and  sometimes  also  air.  The  bottom  of  the  mouth- 
piece is  a  dead  plate.  In  many  furnaces  there  is  a  mere  doorway^ 
and  no  mouth-piece. 

VI.  The  fire-door y  which  closes  the  mouth-piece  or  doorway, 
and  which  may  or  may  not  have  openings  and  valves  in  it  to  admit 
air.  Sometimes  the  duty  of  a  fire  door  is  performed  by  a  heap  of 
dross  closing  up  the  mouth-piece. 

VII.  The  fumaoe-froirUy  above  and  on  cither  side  of  the  fire 
door. 

VIII.  The  asIirpUy  being  the  space  below  the  grate  into  which 
the  ashes  fall,  and  through  which,  in  most  cases,  the  greater  part 
of  the  supply  of  air  is  admitted. 

IX.  The  dsh-pU  door,  used  in  some  furnaces  to  regulate  the 
admission  of  air  through  the  ash-pit 

X.  The  bridge,  being  a  low  vertical  partition  at  one  end  of  ihe 
furnace  (usually  the  back)  over  which  the  flame  passes  on  its  way 
to  the  flues  or  chimney.  This  is  what  is  meant  when  '*the 
bridge  "  is  spoken  of  without  qualification ;  but  the  word  bridge  is 
also  applied  to  any  low  partition  having  a  paasage  for  flame  or  hot 
gas  above  it.  Bridges  are  usually  built  of  fire-brick ;  but  they  are 
also  sometimes  made  of  plate  iron,  and  hollow,  so  as  to  contain 
water  within,  and  form  part  of  the  water  space  of  the  boiler — ^they 
are  then  called  "  toater  bridges,^*  The  top  of  a  water  bridge  ought 
to  slope  or  curve  upwards  towards  the  ends,  to  admit  of  the  rapid 
escape  of  the  bubbles  of  steam  which  form  on  its  internal  surfaces 
Sometimes  a  water  bridge  projects  downwards  from  a  part  of  the 
boiler  above  the  furnace,  leaving  a  passage  below  for  flame — it  is 
then  called  a  "  lianging  bridge.^'  A  water  bridge  with  passages  for 
flame,  both  above  and  below,  is  called  a  "  mid-feather,^^ 

XI.  The  ^awi«  chamber,  being  the  space  immediately  behind  the 
bridge  in  which  the  combustion  of  the  inflammable  gases  that  ftass 
over  the  bridge  is  or  ought  to  be  completed.  It  has  often  a  floor 
of  fire-brick,  called  the  flame  bed;  and  is  sometimes  lined  with 
fire-brick  to  prevent  the  cooling  and  extinction  of  the  flame,  and 
sometimes,  for  the  same  purpose,  filled  with  fire  clay  tiles,  made  of 
a  horse-shoe  form  in  section,  to  admit  of  the  circulation  of  the  gases. 

XII.  Air  paseages,  of  various  constructions  and  in  various  situa- 
tions, and  with  or  without  valves,  to  admit  air  for  the  combustion 
of  the  fuel,  whether  forced  in  by  atmospheric  pressure  or  by  a 
blowing  machine. 

XIII.  Flitee,  being  passages  traversed  by  the  hot  gas  on  its  way 
hnm  the  fire  to  the  chimney.  These  are  sometimes  external,  being 
in  contact  with  the  outside  of  the  boiler,  and  bounded  externally 
by   brickwork;  and  sometimes  internal,  being  contained  within^ 
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and  forming  }jart  of,  the  boiler.     Internal  flues  of  small  diameter 
are  called  Uibes. 

XIV.  Bafflers  or  diffuserSj  being  partitions  so  placed  as  io 
improve  the  convection  of  heat,  by  promoting  the  completeness  of 
the  circulation  of  the  |)articles  of  hot  gas  over  the  heating  surface 
of  the  boiler.  The  various  bridges  already  mentioned  fall  nnder 
this  head,  and  also  the  spiral  blades  for  boiler  tubes  recently 
introduced  by  various  inventors. 

XV.  The  chimney  (see  Article  233),  at  the  foot  of  which  is 
sometimes  a  chamber  called  the  smoke  box,  or  uptake^  in  which  the 
various  flues  terminate. 

XVI.  Bloiving  apparatus^  used  in  order  to  produce  a  draught, 
Dphether  by  forcing  air  into  the  furnace  by  means  of  a  fan,  or  by 
driving  the  gases  out  of  the  chimney  by  means  of  a  blast  pipe.  See 
Article  233. 

XVII.  DamperSj  being  valves  placed  in  the  chimney,  flues,  tubes, 
or  air  passages,  to  regulate  the  draught  and  rate  of  combustion. 

No  one  furnace  possesses  all  the  parts  and  appendages  above 
enumerated ;  for  some  of  them  are  substitutes  for  others,  and  some 
are  only  employed  in  furnaces  of  particular  kinds  (see  page  477). 

305.    The  Principal  Part*  and  Appeadafrca  af  a  Boiler  are — 

I.  The  shell,  or  external  boundary  of  the  boiler,  for  which  the 
usual  mateidal  is  iron  or  steel ;  the  latter  is  now  mostly  employed. 
The  figures  usually  employed  for  the  shells  of  boilers  are  the  cylin- 
drical, with  internal  furnaces,  flues,  or  tubes.  The  most  common 
figure  at  the  present  day  is  that  of  a  horizontal  cylinder,  with  flat  or 
hemispherical  ends.  In  some  peculiar  boilers,  the  shell  is  a  vertical 
cylinder,  or  a  cluster  of  vertical  tubes  connected  by  means  of 
horizontal  tubes  (as  in  Mr.  Craddock's  boiler);  or  a  set  of  square 
tubes  or  cells  (as  in  Mr.  J.  M.  Rowan's  boiler) ;  or  a  single  spiral 
tube  (as  in  Mr.  Perkins's  boiler).  Tubes  which  thus  contain  water 
internally  are  called  ^^x^ter  tubes,  to  distinguish  them  from  tubes 
for  transmitting  furnace  gas.  In  most  locomotive  boilers,  part  of 
the  shell  is  a  rectangular  box,  containing  within  it  another 
rectangular  box,  which  latter  is  the  fire-box.  The  shells  of  ordinary 
marine  boilers  are  of  cylindrical  8haj)es,  adapted  to  the  s))ace  in  the 
ship  which  they  are  to  occupy.  The  circumferential  joints  are 
lapped  and  double  or  treble  nveted;  the  longitudinal  are  butt 
joints  with  covering  plates. 

II.  The  steam  chest,  or  dome,  being  a  part  of  the  shell  which 
usually  rises  above  the  level  of  the  rest  of  the  l)oiler,  so  as  to  provide 
a  space  in  which  the  steam,  befoi'e  being  conducted  to  the  engine,  may 
deposit  any  particles  of  spray  that  it  may  have  carried  up  from  the 
Wttter.  It  is  usually  cylindrical,  with  a  hemispherical  or  segmental 
top;  but  its  form  is  often  varied,  especially  in  marine  boilers.     It 
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It  adyantegeoas  ihat  the  steam  chest  shonld  be  traversed  or  sur- 
rounded by  a  flue,  in  order  to  dry  or  slightly  superlieat  the  steam 
(see  remarks  in  Article  295,  page  429). 

III.  The  /umace  or  firebox  (in  boilers  with  internal  furnaces) 
is  a  chamber  contained  within  the  boiler,  in  such  a  position  as  to  be 
completely  coveitsd  with  water.  In  ordinary  cylindrical  land 
boilers  it  is  usually  cylindrical,  being  at  one  end  of  a  horixontal 
cylindrical  flue:  in  locomotive  boilers  it  is  sometimes  a  vertical 
cylinder,  but  more  frequently  a  rectangular  box.  In  mjirine  boilers 
it  is  usually  of  a  figure  of  a  cylindrical  form  (see  Article  305, 
page  451). 

Many  of  the  parts  mentioned  in  the  last  Article  as  belonging  to 
furnaces,  become,  when  the  furnace  is  internal,  parts  of  the  boiler 
also;  for  example,  the  ash-pit,  in  the  cylindrical  internal  furnace 
of  a  horizontal  cylindrical  boiler,  is  simply  the  space  below  the 
grate  within  the  cylindrical  flue  which  contains  the  fumaoa 
Watei*  bridges  have  already  been  described. 

The  principal  bridge  at  the  back  of  an  internal  furnace  is  usually 
of  fire-brick.  Sometimes,  in  order  to  pi-event  the  cooling  of  the 
flame  by  contact  with  the  surface  of  a  water  space  before  the  com- 
bustion is  complete,  the  furnace  is  lined  internally  with  a  fire-brick 
arch;  and  sometimes  also  an  intei-nal  flame  chamber  (Article  304, 
Division  XI.)  adjoining  the  furnace  is  lined  in  the  same  manner. 

One  boiler  may  contain  one,  two,  or  more  internal  furnaces. 

lY.  Internal  jflues,  and  internal  tubes,  being  small  internal  flues, 
have  already  been  mentioned  under  head  XIII.  of  Article  304. 

y.  A  tuhe-plaU  is  a  plate  which  forms  sometimes  part  of  the 
shell  of  the  boiler,  and  sometimes  one  side  of  an  internal  fire-box, 
flame  chamber,  or  flue,  and  which  is  perforated  with  holes,  into 
which  the  ends  of  a  set  of  tubes  are  fixed.  Each  set  of  tubes 
requires  a  pair  of  tube-plates,  one  for  each  end  of  the  tubes. 

VI.  The  ma/nrhole  is  a  circular  or  oval  orifice  in  any  convenient 
position  on  the  top  of  the  boiler,  large  enough  to  admit  a  man  to 
the  interior  of  the  boiler  to  cleanse  or  repair  it.  The  entrance  to 
the  man-hole  usually  consists  of  a  short  cylinder  having  a  flange 
surrounding  its  upper  end,  to  which  the  cover  is  bolted,  when  the 
cover  opens  outwards.  The  bolts  must  be  capable  of  safely  bearing 
the  pressure  of  the  steam  against  the  cover.  Sometimes  the  cover 
opens  inwards,  and  then  it  is  kept  shut  by  the  pressure  of  the 
steam ;  but  to  prevent  its  being  dislodged  from  its  seat,  it  is  held 
by  bolts  and  nuts  to  cross  bars  outside  the  man-hole.  The  cover 
should  fit  its  seat  very  accurately. 

y II.  Afyd-holes  are  orifices  at  or  near  the  lowest  part  of  a  boiltT, 
which  are  opened  occasionally  for  the  discharge  of  sediment 

VIIL  The/eed  apparatus,  by  which  water  is  inti-oduced  into  the 


PARTS   AND   APPENPAOES   OF   B0ILEK8. 


45a 


Water 


boiler  to  supj^ly  the  place 
of  that  which  has  Wen 
discharge  J  in  the  state 
of  steam  or  otherwise,  is 
usually  supplied  by  a 
pump  worked  by  the  en- 
gine. In  marine  and 
locomotive  engines,  the 
rate  at  which  feed  water 
is  supplied  is  regulated 
by  a  cock  under  the  con- 
tix)l  of  the  engineer ; 
the  surplus  water  which 
comes  fi-om  the  feed 
pnnip  being  discharged 
through  a  valve  loaded 
with  a  pressure  greater 
than  that  in  the  boiler; 
but  in  stationary  boilei-s, 
there  is  often  a  self-act- 
ing apparatus  to  regulate 
the  feed,  controlled  by  a 
float  which  rises  and  fulls 
with  the  level  of  the 
water  in  the  boiler.  The 
j>ro|>er  dimensions  of 
ftted  pumps  will  be  c«»n-  q^^^ 
sidered  farther  on.  ^ — 

In  cases  in  which  a 
Jfitat  within  a  boiler  is 
us<'d,  it  ought  to  rise  and 
fall  within  a  casing, com- 
municating with  the  rest 
of  the  boiler  through 
small  boles  near  the  top 
and  bottom  only.  The 
\\-ater  within  the  casing  : 
will  preserve  the  same 
mean  level  with  that 
throughout  the  rest  of 
the  boiler,  but  will  be  fn  e 
from  the  agitation  which 
is  produced  in  all  other 
parts  of  the  boiler  by  the 
disengagement  of  st^m. 
(See  also  jwige  477.) 


ii\mfci  ..•gulilor  WbMl. 


To  fr.iiiJ-. 

I 

Fig.  115a. 
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IX.  Blow-ojff  apparatus^  at  bottom  of  boiler. 

X.  Sediment  collector,  sometimes  used,  and  placed  partly  abore 
water  level. 

XI.  The  8tea7n  pipe  conveys  tbe  steam  from  the  boiler  to  the 
engine.  As  to  its  dimensions  and  resistance,  see  Ai'ticle  290. 
Besides  tbe  throttle  valve  or  regulator,  by  which  the  supply  of 
steam  to  the  engine  is  controlled,  the  steam  pipe  of  every  boiler 
should  be  provided  with  a  fierfectly  Hteam  tight  atop  valve  (being 
usually  a  conical  valve  worked  by  means  of  a  screw)  to  be  shut 
when  the  boiler  i.s  not  in  use. 

XII.  Safety  valves,  for  letting  the  steam  escape  from  the  boiler 
when  its  pressure  tends  to  rise  too  high,  have  been  [Mirtially  men- 
tioned in  Article  113,  and  will  be  further  considered  in  a  subse- 
quent Article.  Every  boiler  should  have  two,  one  being  placed 
beyond  the  control  <5f  the  engineman. 

XIII.  The  txxcnum  valve  is  a  safety  valve  opening  inwards,  to 
«dniit  air  into  the  boiler,  and  so  to  prevent  it  from  collapsing, 
in  the  event  of  the  stean»  within  it  falling  below  the  atmospheric 
pressure.     Not  now  required  with  the  stronger  forms  of  boilers. 

XIV.  The  fusible  plug  is  a  piece  of  metal  or  alloy  stopfiing  an 
aperture  in  some  part  of  the  boiler  which  is  directly  exposed  to  the 
fire,  and  of  such  a  composition  as  to  melt  at  a  temperature  lower 
than  that  at  which  the  pressure  of  the  steam  would  become  dan- 
gerous. As  to  the  melting  points  of  various  metals  and  alloys,  see 
Article  205,  ])age  235.  Little  confidence  is  now  placed  in  this 
contrivance;  for  it  has  been  known  to  fail  completely  in  various 
cases  of  boiler  explosions. 

XV.  The  jyreesure  gauge  shows  to  the  engineer  the  excess  of  the 
pressure  within  the  boiler  above  that  of  the  atmosphere.  As  to 
various  preasure  gauges,  see  Article  107a  (pages  111,  112).  These 
gauges  are  fitted  either  with  curved  tubes  or  corrugated  diaphragms, 
upon  which  the  pressure  acts. 

XVI.  The  water  gaug^  shows  to  the  engineer  the  level  of  the 
water  in  the  boiler;  and  especially,  whether  it  stands  high  enough 
to  cover  all  those  parts  of  the  boiler  which  are  directly  exposed  to 
the  fire.  The  old  form  of  water  gauge  consists  of  three  cocks  at 
different  levels;  one  at  the  ])roper  level  of  the  water,  another  a 
few  inches  above  that  level,  and  a  third  a  few  inches  below.  By 
opening  these  the  engineer  can  ascertain  the  level  of  the  water 
approximately.  The  new  form  which  is  most  frequently  used, 
consists  of  a  strong  vertical  glass  tube,  communicating  with  the 
l)oiler  above  and  below  the  proper  water  level  through  cocks, 
which  can  be  shut  if  the  tube  is  accidentally  broken.  The  level  of 
the  water  is  visible  in  this  tube.  Every  boiler  ought  to  be  pro- 
vided with  botf^  forms  of  water  gauge,  the  cocks  and  the  glass  tube; 
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SO  that  if  the  tube  should  be  choked  or  broken,  the  cocks  may  be 
employed.  There  are  other  forms  of  water  gauge,  in  which  a  float 
acts  upon  an  index ;  but  they  are  less  used  than  the  two  forms 
liefore  mentioned. 

In  the  cether  evaporator  of  M.  du  Trembley's  binary  engine, 
where  a  glass  tube  would  be  dangerous,  an  iron  float  on  the  surface 
of  the  sether  rises  and  falls  in  a  vertical  brass  tube,  and  its  position 
18  indicated  by  a  magnetic  needle  outside. 

XVII.  A  steam  whistle  may  be  used,  as  in  locomotives,  merely 
to  make  signals;  but  it  may  also  be  acted  upon  by  a  pressure  gauge, 
or  by  a  float,  so  as  to  give  warning  of  the  pressure  rising  too  high, 
or  the  water  level  falling  too  low. 

XVIII.  A  damper  ia  sometimes  so  acted  upon  by  a  pressure 
gauge  as  to  regulate  the  draught  of  the  furnace,  and  prevent  any 
great  deviation  of  the  pressure  from  a  ^iven  inten-^ity.  This  was 
accomplished  in  Watt's  low  pressure  stationary  boilers,  by  having 
a  pressure  gauge  consisting  of  a  vertical  column  of  water  contain  eii 
in  a  tube  which  is  open  at  the  top,  and  plunges  into  the  water 
within  the  boiler  at  the  bottom ;  while  a  float  on  the  surface  of 
that  water  column  opens  the  damper  when  falling,  and  closes  it 
when  rising. 

XIX.  Stays  are  bars,  rods,  bolts,  and  gussets  for  strengthening 
the  boiler,  which  have  already  been  mentioned  in  Article  66,  and 
will  be  further  referred  to  in  a  subsequent  Article. 

XX.  Clothing  for  the  outer  sr.rface  of  a  boiler,  to  prevent  waste 
of  heat,  is  made  sometimes  of  a  layer  of  coarse  felt,  covered  with  a 
layer  of  thin  wooden  boards,  and  sometimes  of  a  casing  of  brick- 
work. The  tops  of  land  boilers,  resting  on  brickwork,  are  sometimes 
buried  under  a  layer  of  ashes;  but  this  method  is  objectionable,  as 
the  moisture  which  collects  amongst  the  ashes  tends  to  corrode  the 
boiler  shell.    (See  page  554.) 

The  princi|)al  parts  and  appendages  of  engines  and  boilers  having 
been  enumerated  and  described  generally,  those  which  require  it 
will  now  be  treated  of  in  a  more  detailed  manner. 

306.  Orate, — The  area  of  the  grate  is  regulated  by  the  weight  of 
fuel  which  is  to  be  buiiit  upon  it  in  an  hour,  and  by  the  ra>te  of 
combustion  per  square  foot  of  grate,  as  to  which,  see  Article  232. 
To  the  list  of  different  rates  which  occur  in  practice,  as  given  in 
that  Article,  at  page  285,  may  now  be  added  the  following,  which 
comes  between  Nos.  1  and  2  of  that  list : — 

Lbs.  per  square 
foot  per  hour. 
1  A.  Bate  of  combustion  in  the  furnace  of  Oraddock*s  )  /,  .     ..  ^ 
boUer, \^^^^ 

As  has  been  already  more  fully  explained  in  Chapter  II.,  tho 
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economy  of  fuel  depends  very  much  on  the  proper  ad|ustm.e&t  of 
the  rate  of  combustion  per  square  foot  of  grate  to  the  dxaught  of 
the  furnaca  A  certain  rate  of  combustion,  which  may  be  found 
by  practical  trials,  is  the  best  suited  to  insure  perfect  oombuotion 
in  a  given  furnace;  and  this  fixes  the  best  area  of  grate:  if  the 
giute  is  made  smaller,  the  combustion  becomes  imperfect :  if  Iftiger, 
too  much  air  enters,  and  heat  is  wasted  in  wanning  it  It  is  best, 
in  pmctice,  to  make  the  grate-area  at  first  ratlier  too  latige,  and 
then  to  contract  it  by  means  of  fire-bricks,  until  the  smallest  area 
is  obtained  upon  which  the  required  quantity  of  coal  can  be  burned 
without  incomplete  combustion.    (See  Appendix.) 

When  air  is  admitted  above  ^e  fuel  to  bum  the  coal  ga0,  a 
smaller  area  of  gi*ate  is  required  to  biun  a  given  quantity  of  Aiel 
per  hour,  than  when  the  whole  supply  of  air  has  to  pass  through 
the  gi'ate.  For  an  example  of  this,  see  the  Table  in  Article  232, 
page  285,  Nos.  5  and  6. 

The  lengUh  of  a  grate  should  not  much  exceed  6  feet,  in  order 
that  the  fireman  may  easily  throw  coals  to  the  back  of  it  It  may 
be  as  much  leas  than  6  feet  as  the  dimensions  and  figure  of  the 
boiler  require.  The  breadH^  of  grates  range  fixMn  about  Id  iuehes 
to  4  feet ;  the  most  convenient  breadths  for  firing  being  from  18 
inches  to  2  feet,  or  thereabout*}.  The  grates  of  stationary  and 
manne  boilers  are  usually  long  and  narrow ;  those  of  locomotive 
boilere  are  usually  almost  square,  and  sometimes  round. 

To  facilitate  the  even  spreading  of  the  fuel,  the  suiiace  of  an 
oblong  grate  is  in  geueiul  made  to  S'Ope  downwards  from  the  furnace 
mouth  to  the  bridge  at  the  rate  of  about  07<«  in  six.  Its  clear 
height  above  the  fioor  of  the  ash-pit  should  be  at  least  2^  feet  in 
front 

A  locomotive  grate  is  usually  level ;  and  the  place  of  an  ash -pit 
is  supplied  by  a  rectangular  wrought  iron  pan  about  10  inches 
deep,  which  is  oi)en  at  the  front,  to  ctitch  the  air  as  the  engine 
rushes  through  it,  and  can  be  removed  when  required. 

A  gi*ate  consists  of  fire-bars^  and  of  cross  becurers  by  which  they 
are  supported.  The  fire-bars  ai'e  made  in  lengths  of  from  2  to  3 
feet  They  ai-e  from  |  inch  to  |  inch  broad  on  the  top,  and  are 
often  made  to  diminish  to  about  half  that  thickness  at  the  lower 
edge,  in  order  to  admit  of  the  free  entrance  of  air  and  escape  of 
ashes.  Their  oixlinaiy  depth  is  about  3  inche&  The  breadth  of 
the  clear  space  between  two  bars  is  from  one-half  to  two-thirds  of 
the  greatest  breadth  of  a  bar.  At  each  side  of  each  end  of  a  bar 
there  are  snugs  or  projections,  by  which  the  breadth  of  the  bar  at 
its  ends  is  increased  so  as  to  be  equal  to  the  distance  from  centre 
to  centre  of  the  bars.  When  the  bars  are  laid  upon  tlie  cro«j 
bearers  with  the  snugs  touching  each  other,  the  proper  spaces  are 
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left  betwe^a  tfaeii-  intermediate  parts.  Fire-bars  are  oilen  cast  in 
pairs,  so  that  two  bars  with  the  proper  space  between  them  form  ono 
piece.  This  saves  time  in  removing  and  replacing  them  when  the 
grate  requires  repaii-s.     (As  to  burning  mineral  oil,  see  page  477.) 

307.  Ji«riiiic  Chmin* — Reference  has  been  made  in  Article  230, 
page  283,  to  contrivances  for  supplying  fuel  to  fuiTiaces  gradually 
and  equably  by  mechanism,  in  onler  to  insure  complete  combustion. 
Some  of  these  inventions  involve  the  use  of  moving  grates.  The 
revdving  ^rcUe  is  circular  and  horizontal,  a^d  turns  slowly  about 
its  centre.  The  fuel  is  dropped  upon  it  by  d^p:ees  through  a  fixed 
opening;  and  thus  every  part  of  it  is  at  all  times  equally  covered. 
Juckes's  grate  consists  of  an  endless  web  of  very  short  fire-bars, 
moving  ou  horizontal  rollers,  travelling  from  the  Airuaoe  mouth  to 
the  bridge,  and  returning  through  the  ash-pit.  The  portion  of  the 
web  which  at  any  time  is  uppermost,  is  supported  on  small  wheels 
with  which  the  bars  are  provided,  and  which  rest  on  rails.  Some- 
times the  fire-bars,  by  means  of  cams,  are  made  to  have  a  short 
reciprocating  motion  up  and  down,  and  from  side  to  side,  in  order 
to  keep  them  clear  of  clinkers. 

308.  H«l«ki  mi  Famacc — The  clear  height  of  the  *^  crown"  or 
roof  of  the  furnace  above  the  grate  bars  is  seldom  less  than  about 
18  inches,  and  often  considerably  more.  In  the  fire-boxes  of  loco- 
motives it  is  on  an  average  about  4  feet 

The  height  of  eighteen  inches  is  suitable  where  the  crown  of  the 
furnace  is  a  brick  arch,  as  in  Mr.  C.  T.  Dunlop's  deta<di6d  furnaces, 
formerly  referred  to.  Where  the  crown  of  the  furnace,  on  the 
other  hand,  forms  pai*t  of  the  heating  surface  of  the  boiler,  a  greater 
height  is  desirable  in  eveiy  case  in  which  it  can  be  obtained;  for 
the  temperature  of  the  boiler  plates,  being  much  lower  than  that  of 
the  flame,  tends  to  check  the  combustion  of  the  inflammable  gases 
which  rise  from  the  fuel  As  a  general  principle,  a  highfu/mace  is 
favourakle  to  complele  combustion. 

The  height  of  the  furnace  is  limited  in  practice,  sometimes  by 
the  necessity  for  having  flues  or  tubes  traversing  the  water  above 
it;  and  always  by  the  necessity  for  having  a  sufficient  depth  of 
water  above  the  crown;  that  is  to  say,  about  12  or  15  inches  in 
marine  boilers,  d  or  6  inches  in  locomotive  boilei-s,  and  10  or  12 
inches  in  land  boUers. 

309.  Heartii  r«r  BnraiBg  WomI. — According  to  M.  Peclet,  the 
best  furnace  for  burning  wood  under  a  steam  boiler  consists  of  a 
hearth  of  fire-brick,  with  a  sort  oi  hopper  or  feeding  passage  in  front, 
of  the  full  width  of  the  hearth,  made  of  cast  iron.  The  wood,  cut 
into  billets  whose  length  is  a  little  less  than  the  width  of  the 
hearth,  is  placed  crosswise  in  the  hopper,  and  descends  giudualiy 
either  by  its  weight  alone,  or  by  its  weight  aided  by  the  pressure  of 
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the  feet  of  the  stoker.  As  it  i*eaches  the  hearth  billet  by  billet,  it 
takes  fire,  and  is  completely  consumed.  The  hearth  has  a  alight 
elope  forwards,  towards  the  bottom  of  the  hopper.  The  whole 
supply  oi"  air  for  the  combustion  of  the  wood  passes  down  througli 
the  hopper  amongst  the  unconsumed  billets  of  wood.  The  ashes  are 
swept  away  by  the  draught. 

310.   Dead  Plate — IVIanClipleeo— Fire  Doar— Faraace  Fraac— 4eb- 

^1  Daar. — The  use  of  the  dead  plate  has  been  stated  in  Article 
230,  page  282.  In  some  of  Watt*s  furnaces,  it  was  nearly  as  long 
as  the  grate ;  but  a  length  of  about  20  inches  has  been  found  to 
answer  well  in  some  I'ecent  practical  examples.  When  the  dead 
plate  forms  the  bottom  of  a  cast  iron  mouthpiece,  it  is  useful  to 
make  the  roof  of  that  mouthpiece  slope  downwards  towards  the 
furnace  at  the  rate  of  (rtie  in  six,  or  thereabouts.  This  has  the 
effect  of  dii*ecting  any  current  of  air  which  may  enter  through  the 
mouthpiece  downwaixis  uix>n  the  surface  of  the  buiming  fiiel,  so  as 
at  once  to  promote  rapid  combustion  of  the  coal  gas,  and  to  prevent 
thai  cuiTeut  from  striking  the  crown  of  the  fire-box,  which,  when 
that  crown  is  part  of  tJie  boiler-surface,  tends  both  to  lower  its 
temperature,  and  to  oxidate  the  plates.  In  some  furnaces  the  sides 
and  top  of  tlie  mouthpiece  are  made  thick  enough  to  be  traversed 
by  a  row  of  longitudinal  holes,  each  ^  inch  in  diameter.  These 
holes  admit  small  currents  of  air,  which  have  some  effect  in  burn- 
ing the  coal  gas,  but  whose  principal  use  is  at  once  to  keep  the 
mouthpiece  cool,  and  to  carry  back  to  the  furnace  the  heat  which 
would  otherwise  be  lost  by  conduction  through  the  metal  of  the 
mouthpiece. 

In  some  furnaces  the  dead  plate  is  double,  and  a  current  of  air  in 
admitted  through  the  passage. 

As  to  contrivances  for  preventing  waste  of  heat  through  the  fire- 
<1oor  and  furnace-front,  and  for  admitting  air  through  them  to  bum 
the  coal  gas,  and  regulating  the  admission  of  that  air,  and  of  the 
air  which  enters  through  the  ash-pit,  see  Article  228,  page  279, 
niid  Article  230,  pages  282,  283.  To  what  has  been  stated  there, 
it  may  be  added,  that  doora  consisting  of  several  layers  of  wire 
^auze  have  also  been  used  for  these  purposes,  and  it  is  said  with 
good  effect;  and  also,  that  a  heap  of  dross,  siHck,  or  sawdust  (where 
those  substances  are  burned),  blocking  up  the  mouthpiecx^,  whu  li 
is  without  a  door,  has  been  found  to  answer  the  same  end  extremely 
well  in  stationary  boilei-s  at  St  Rollox  chemical  works.  The  heap 
so  placed  intercepts  the  radiant  heat,  and  admits  through  its 
intei-sticos  enough  of  air  to  carry  the  sensible  part  of  that  heat 
back  into  the  furnace,  and  to  bum  the  gases  distilled  from  the 
fresh  fuel.  When  the  fireman  considers  that  the  heap  is  sufficiently 
coked  or  cliarred,  he  pushes  it  forward  and  spreads  it  uniformly 
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over  the  grate,  and  supplies  its  place  by  blocking  the  mouthpiece 
again  with  a  heap  of  fr^  fuel. 

311.  Air  PaaMi«M~BI«win«  Apparmtns--€liliHB«T. — The    DieaD9 

of  producing  a  current  of  air  through  a  furnace,  and  the  principled 
of  the  action  of  those  means,  and  their  peculiar  effects,  have  alr^y 
(with  the  exception  of  the  blast  pipe)  been  considered  in  Articles 
230,  231,  232,  233,  and  234.  It  may  now  be  added,  that  care 
ahould  be  taken  not  to  direct  streams  of  fresh  air  against  the  plates 
or  other  metal  surfaces  of  the  boiler;  because  if  so  directed,  they 
produce  rapid  oxidation. 

The  blast  pipe  will  bo  treated  of  in  gi*eater  detail  amongst  some 
special  subjects  relating  to  locomotive  boilers. 

312.  Scrensik  and  €«Bstractl«B  •f  B«ilcn. — ^The  principles  upoo 
which  the  strength  of  boilers  depends  have  already  been  stated  in 
Section  8  of  the  Introduction,  Articles  59,  60,  61,  62,  63,  66,  67, 
68,  69,  and  73. 

The  only  figures  for  the  sliells  of  boilers  which  are  safe  against 
bursting  by  internal  pressure,  without  the  aid  of  stays,  are  the 
cylinder  and  the  sphere,  as  to  which  see  Articles  62,  63. 

Poitions  of  boiler-shells  which  are  flat,  or  which  otherwise 
deviate  from  the  cylindrical  and  spherical  figures,  are  strengthened 
by  means  of  stays,  as  to  which  see  Article  66.  To  the  information 
there  given,  it  may  be  added,  that  the  usual  pitch  or  distance  apai-t 
of  the  stays  of  locomotive  fire-boxes  is  about  4J  or  5  inches,  and  of 
marine  and  stationary  boilers  12  to  18  inches.  According  to  Mr. 
Bourne,  the  staying  of  existing  marine  boilers  is  seldom  sufficiently 
Btrong;  and  the  iron  of  the  stays  ought  not  to  be  exposed  to  a 
greater  working  tension  than  3,000  lbs.  on  the  squai-e  inch,  in 
order  to  provide  against  their  being  weakened  by  corrosion.  This 
amounts  to  making  the  /actor  of  safety  for  the  working  pressure 
about  20. 

If  any  part  of  the  surface  of  a  boiler  cannot  be  efficiently  stayed  by 
rods  reaching  across  to  the  opposite  part,  it  may  be  fastened  by  bolte 
or  rivets  to  a  series  of  ribs  crossing  it,  cai-e  being  taken  that  the  end» 
of  those  ribs  have  sufficient  support  For  example,  the  flat  crown 
of  a  locomotive  fire-box  is  hung  by  bolts  from  a  series  of  parallel 
ribs,  which  cross  it  at  distances  of  from  4^  to  5  inches  from  centre 
to  centre,  and  whose  ends  are  supported  on  the  front  and  back  of 
the  fire-box. 

In  both  land  and  marine  boilers,  the  usual  arrangement  of  the 
flues  and  tubes  for  the  passage  of  the  flame  and  hot  ga.se8  from  the 
furnace  is  horizontal ;  and  the  general  arrangement  of  the  furnace 
and  tubes  in  a  marine  boiler  is  shown  by  fig.  124,  page  475  ;  also 
on  plate  to  face  page  474.  The  arrangement  in  locomotive  boilers 
ifl  shown  in  plate  to  face  page  534.    The  strongest  boilers  are  tho«e 
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which  are  entirely  coropoAed  of  tubes  and  small  cylinders,  with  the 
water  and  steam  inside. 

The  Board  of  Trade  allows  from  5,000  to  7,000  lbs.  per  sqnare 
inch  of  net  section  on  iron  stays,  and  6,(K)0  lbs.  for  iron  stay 
tubes,  the  net  thickness  not  being  less  than  J  inch.  In  the  case  of 
steel  stays  a  working  stress  of  9,000  Iba  is  allowed,  and  in  stay 
tubes  7,500.  The  stays  are  spaced  in  marine  boilers  abo<iit  16 
inches  apart,  so  as  to  alliw  of  a  man  passing  between  them  for 
inspection  ;  the  diameter  of  the  steel  stays  at  present  in  nsc  is 
about  2^  inches.  Thtf  fire-boxes  of  locomotive  boilers  are  of 
copper,  and  now  sometimes  of  steel.  The  tubes  are  of  oopper 
or  brass. 

The  flat  ends  of  cylindrical  boilers  are  made  about  once  and 
a-half  the  thickneHS  of  the  cylindrical  barrels,  and  are  tied  to  each 
other  by  longitudinal  ntays,  or  to  the  sides  of  the  boiler  by  gussets  (see 
Art.  66.)  A  j)air  of  tube-[)late8  are  tied  together  iu  the  same  man- 
ner; and  it  is  safer  to  rely  altogether  on  stay-rods,  to  prevent  them 
from  being  forced  asunder,  than  to  leave  any  part  of  the  tension 
to  be  borne  by  the  tul)eR. 

Tubes  for  the  passage  of  flame  and  hot  gas  are  made  of  brass  or 
of  iron,  and  are  from  1^  to  2  inches  in  diameter  for  locomotives,  and 
from  2  to  4  inches  in  diameter  for  marine  boil«*rs.  They  are  fixed 
tight  in  the  holes  in  the  tube-plates,  either  by  driving  ferules  into 
their  ends,  or  by  rivetting  up  the  edges  of  the  ends  themselves,  so 
as  to  make  them  fit  countersunk  grooves  which  surround  the  holes 
on  the  out«ide  of  each  tul)e-plate.    Tubes  are  also  made  of  steel. 

The  princi[)les  of  the  sti-ength  of  cylindrical  internal  flues  have 
been  explained  in  Article  G7. 

The  flat  ends  of  cylindrical  boilers  are  very  commonly  connected 
with  the  barrels  and  flues  by  means  of  rings  of  angle  iron ;  but  sttch 
rings  are  liable  to  split  at  the  angle ;  and  therefore  it  is  considered 
preferable  to  make  the  connection  by  trending  the  edges  of  the 
endmost  plates  of  the  barrel  and  flue&  A  flat  end  to  a  cylindrical 
shell,  or  a  flat  top  to  a  cylindrical  steam  chest,  connected  by  means 
of  an  angle  iron  ring  alone,  without  sfay-bars  or  gussets,  is  danger- 
ous at  high  pressures,  even  when  of  small  diameter ;  as  the  angle  iron 
ring,  although  it  may  last  for  a  time  and  be  a]>parently  safe,  is  almost 
certain  to  split  at  the  angle  in  the  end. 

The  shells  of  stationary  and  locomotive  boilers  are  usually  single- 
rivetted — those  of  marine  boilera  ttsually  double-rivetted — that  is, 
the  rivets  form  a  zig-zag  line  at  each  joint  Hori7X)ntal  overlapped 
joints  should  have  the  overlapping  edges  facing  upwards  on  the  side 
next  the  water,  that  they  may  not  intercept  bubbles  of  steam  on 
their  way  upwards.  The  joints  in  horiz<mtal  flues  should  be  so 
placed  that  the  overlapping  edges  shall  not  oppose  the  current  of  ga& 
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Those  parte  of  boilers  wliich  are  exposed  to  more  severe  or  more 
hTegalaa*  strains  than  the  rest,  or  to  a  more  intense  heat,  should  be 
made  of  the  finest  iron,  such  as  Bowling  or  Lotrmoor.  This 
applies  to  the  sides  and  crowns  of  internal  ^imaces,  to  tube-plates, 
to  bent  plates  at  the  ends  of  cylindrical  shells,  Ac,  (See  page  563.) 

313.     aeatlag    Sarlkce— Dlmciisi^BS    and    C^iine    •f    Fines* — In 

Article  234,  Division  IV.,  there  have  already  been  given  several 
examples  of  the  proportions  usually  borne  by  the  area  of  heating- 
surface  to  the  area  of  the  grate,  and  to  the  number  of  pounds 
of  fuel  burnt  in  an  hour;  and  in  that  Article,  and  the  previous 
Articles  219,  220,  and  221,  have  been  explained  the  principles 
on  which  the  efficiency  of  that  heating-surface  depends.  The  object 
of  the  use  of  tubes  is  to  obtain  a  large  heating-surface  within  a 
moderate  space ;  and  this  was  the  nature  of  the  improvement  intro- 
duced by  Booth  and  Stephenson  into  the  construction  of  the 
heating-surface  of  locomotive  boilers.  The  construction  which 
insures  the  greatest  known  heating-surface  relatively  to  the  fuel 
consumed,  is  that  in  which  the  boiler  consists  mainly  of  a  sort  of 
cage  of  vertical  water-tubes  enclosing  the  furnace,  as  in  Mr.  Crad- 
dock*s  boUer,  where  there  are  from  six  to  ten  square  feet  of  heat- 
ing-surface for  each  pound  of  coal  burned  per  hour;  and  the  efficiency 
is  accordingly  greater  than  that  of  any  other  boiler  which  has  yet 
been  brought  into  continuous  practical  operation  on  the  large  scale. 
(See  Article  234,  Example  IX.,  page  297.) 

Similar  proportions  of  heating-surface  to  fxiel  consumed  may  be 
obtained  by  means  of  square  water-tubes  or  cells,  each  containing 
four  hot  gas  tubes,  as  in  Mr.  J.  M.  Rowan's  boiler. 

The  sectional  area  ojthefl'u^s  of  a  boiler  must  not  be  made  too 
large,  lest  it  should  make  the  boiler  too  bulky,  nor  too  small,  lest 
it  should  cause  too  much  resistance  to  the  draught  Experience 
has  shown,  that  a  sectional  area  of  from  oneJifM  to  one-seventh  of 
the  area  of  the  grate  answers  well  in  practice.  Where  there  is  a 
bridge  contracting  the  entrance  to  the  flue,  this  applies  to  the  aroa 
of  the  passages  left  by  the  bridge.  In  multitubular  boilers,  the 
area  to  be  considered  is  the  joint  area  of  Uie  wlwle  set  of  tvhesy 
which,  when  there  are  ferules  at  their  ends,  is  to  be  measured  wit/iin 
the  ferules. 

The  course  taken  by  the  current  of  hot  gas  through  the  flues  and 
tubes  of  a  boiler  is  most  commonly  from  below  upwards  on  the 
whole,  even  when  most  of  those  passages  are  horizontal.  It  was 
first  shown  by  Peclet,  and  is  now  generally  recognized,  that  a 
great  advantage  in  point  of  thorough  convection  of  heat,  and  con- 
sequently in  economy  of  fuel,  is  gained  by  causing  the  course  of  the 
hot  gafl  to  be  on  the  whole  from  above  dovmwards,  because  then 
the  hottest  strata  of  the  furnace  gas,  being  uppermost,  spread  them- 
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selves  out  above  the  denser  and  colder  strata  which  are  beloWy  and 
80  diffuse  themselves  more  uniformly  throughout  all  the  pasngea 
than  they  do  when  made  to  ascend  from  below.  This  principle 
was  practically  applied  in  the  Earl  of  Dundonald's  boiler — as  to 
which  see  Article  234,  Example  X.,  page  298,  also  Article  334,  tjage 
476. 

314.  T«uil  aad  KfllBcUre  Heatlag  8«Hlic«i — ^The  lower  horisontal 
or  nearly  horizontal  surfaces  of  internal  flues  and  tubes,  owing  to 
the  difficulty  with  which  bubbles  of  steam  escape  from  them,  are 
i'ound  to  be  much  less  effective  in  producing  steam  than  the  lateral 
Hud  upper  suifaces.  It  is  therefore  common  amongst  engineers  to 
(listinguish  between  the  total  heating  surface  of  a  boiler  and  the 
effective  heating  surface,  from  which  latter  the  bottoms  of  internal 
Hues,  and  <me-/ourth  of  the  surface  of  each  cylindrical  horizontal 
tube  are  excluded.  On  an  average,  the  effective  heating  surface  is 
trom  I  to  (  of  the  total  heating  surface. 

In  all  the  calculations  of  Article  234,  it  b  the  total  heaUng-mir* 
face  which  is  considei-ed. 

315.  WM«r»R«oBi  mn4  m^nm^wi—m  are  the  names  given  to  the 
volumes  of  water  and  steam  respectively  contained  in  the  boiler 
when  the  sutface  of  the  water  is  at  its  proper  mean  level.  Authori- 
ties differ  as  to  the  relative  proportions  of  water-room  and  steam- 
room  adopted  in  the  practice  of  the  most  skilful  engineers. 

In  marine  boilers,  the  8()ace  above  the  top  of  the  tubes  is  about 
one-third  of  tlie  whole  diameter.  The  top  of  the  combuHion 
chamber  is  a  little  above  this ;  and  as  there  is  usually  6  inches 
of  water  above  the  combustion  chamber,  we  have  between 
one-third  and  one-fourth  of  the  whole  diameter  as  steam  space. 
With  the  higher  pressures  now  in  use,  the  tendency  is  towards 
less  steam  room  in  the  boiler. 

A  cylindrical  boiler  is  usually  filled  with  water  to  three-fourths 
of  its  depth  or  thereabouts. 

The  ]>nu'.tice  with  regard  to  the  absolute  capacity  of  boilers  varies 
very  much.  According  to  Mr.  Robert  Armstrong,  that  capacity 
ought  to  be — 

For  each  cubic  foot  o/toaler  evaporated  per  Jwur^ 

Steam-room, 13^  cubic  feet 

Water-i-oom, 13}        „ 


Total  I  oiler-room, 27 
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The  number  of  cubic  feet  of  water  to  be  effectively  evaporated 
per  hour  in  a  given  engine,  per  indicated  horse-power,  is  given  by 
the  formula, 

1980000 

"62iU"^ ^^-^ 

where  U  is  the  work  of  one  lb.  of  steam,  found  by  the  methods  of 
Chapter  III.,  Sections  5  and  6. 

A  useful  mode  of  comparing  the  capacities  of  different  boilers 
is  to  divide  the  boiler-room,  in  cubic  feet,  by  the  area  of  heating- 
surface,  in  square  feet.  Thus  is  obtained  a  sort  of  mean  depOi  in 
feet,  analogous  to  the  hydraulic  mean  depth  of  a  pipe.  Of  the  fol- 
lowing examples,  the  first  three  are  given  on  the  authority  of  Mr. 
Fairbaim*s  "  Usefid  Information  for  Engineers :" — 

•'  Mean  depth." 
Feet 
Plain  cylindrical  egg-ended  boiler,  with  external 
flues  below  and  at  each  side,  but  no  inujnial 

flues, 350 

Cylindrical  boiler  with  extei-nal  flues,  and  one 

cylindrical  internal  flue, 1*65 

Cylindrical   boiler  with  external  flues,  and  two 

cylindrical  internal  flues, I'oo 

Stationary  boilers  according  to  Mr.  Eobert  Arm- 
strong's rules, 3*oo 

Multitubular  marine  boilers,  about o*  50 

Locomotive  boilers,  and  boilers  composed  of  water- 
tubes,  average  about cio 

Boilei*s  of  large  and  small  cajmcity  have  each  their  advantages. 
In  favour  of  large  capacity  ai'e,  steadiness  in  the  pi-esaure  of  the 
steam,  ready  deposition  of  impurities,  space  for  the  collection  of  sedi- 
ment, freedom  from  priming.  In  favour  of  small  capacity  are, 
rapid  raising  o(  the  steam  to  any  required  pressure,  small  suiface 
for  waste  of  heat,  economy  of  space  and  weight  (which  are  of  special 
importance  on  boai*d  ship),  greater  strength  with  a  given  quan- 
tity of  material,  smaller  damage  in  the  event  of  an  explosion. 

In  boilers  of  very  small  cajmcity  in  proportion  to  their  area  of 
heating  surface,  especially  those  composed  of  small  water-tubes,  it 
is  desirable,  and  in  some  ca^s  necessary,  to  work  with  distilled 
water,  in  order  to  avoid  the  priming,  the  choking  of  the  water- 
spaces  by  salt  or  sediment,  and  the  consequent  burning  of  the  iron, 
which  would  arise  from  the  use  of  water  containing  salt,  mud,  or 
other  impiuitiea  For  that  piu*pose  surfcux  candensation  must  be 
employed,  which  has  already  been  treated  of  to  a  certain  extent  in 
Article  222,  and  will  be  further  considered  in  the  sequeL 
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316.   V—d  u«d  Blow^fl-  ApiHMniliiii— O^iiker  Ka^iae. — The   feed- 

|>umps  are  worked  by  the  engine  iUelf  when  it  is  in  motion ;  but 
when  it  is  standing  still,  and  it  becomes  necessary  to  feed  the 
boiler,  they  are  driven  either  by  hand,  or  by  a  small  auxiliary 
engine  called  a  "  Donkey,''  For  all  marine  boilers  of  considerable 
size,  a  donkey-engine  is  necessary;  and  it  is  used  not  merely  to 
feed  the  boiler,  but  to  drive  the  starting  and  reversing  gear  of  the 
valves  when  required,  and  perform  other  miscellaneous  duties. 
(As  to  Injectors^  see  pages  453  and  457.) 

To  provide  for  leakage  of  water  and  steam,  priming,  bio  wing-off, 
and  loss  by  the  safety  valves,  the  feed-pump  of  a  land  engine  should 
be  of  such  capacity  as  to  discharge  from  double  to  two  and  a-ha/f 
times  tlie  net  feed-water  required  by  the  engine,  according  to 

Article  284,  Equation  10,  page  389,  )       ., 
Article  287,  Equation  17,  jiage  401,  '  »«  ^'^e  wse 
or  Article  297,  Equation  12,  page  434,  )     °**^  ^" 

317.  Ssfrtr  TaiiTM  (see  also  Article  113). — It  is  considered 
•^lesirable  that  one  at  least  of  the  safety  valves  of  a  boiler  should  be 
loaded  directly,  and  not  through  the  medium  of  a  lever. 

In  stationary  engines  the  load,  whether  apt)lied  through  a  lever 

.  or  to  the  valve  directly,  consists  usually  of  weights ;  and  springs 

.  are  used  for  the  same  purpose  in  marine  engines.     In  locomotives, 

whose  oscillations  render  weights  inapplicable,  the  load  is  applied 

through  a  lever,  by  means  of  a  spiral  spring  contained  in  a  cylin- 

•  drical  case,  like  that  of  the  indicator  (fig.  16,  page  47).     One  end 

•  of  the  spring  is  attached  to  the  boiler,  the  other  to  the  lever,  by 
means  of  a  rod  whose  effective  length  can  be  adjusted  by  a  screw 
and  nut;  an  index  pointing  to  a  scale  marked  on  the  case  shows 
the  tension  exerted  by  the  spring.  This  mode  of  loading  is  now 
frequently  adopted  for  the  valves  of  marine  boilei*s.     A  valve  may 

.  also  be  loaded  directly  by  means  of  a  spring. 

Mr.  Nasmyth's  safety  valve  is  a  sphere,  and  hais  a  load  hung  to 
it  inside  the  boiler,  Mr.  Fairbairn  loads  the  safety  valve  by  a 
weight  and  lever  inside  the  boiler.  Feed-water  Iieaters  (page  1*62) 
fibould  have  safety  valves  and  pressure  gauges. 

The  rules  followed  in  practice  for  the  size  of  the  orifice  of  a 
safety  valve  are  very  various.  That  given  by  Mr.  Bourne  is  equi- 
valent to  the  following: — Let  A  be  the  area  of  the  piston;  V,  its 
velocity  in  feet  per  minute;  P,  the  excess  of  the  pressure  in  the 
boiler  above  that  of  the  atmosphere,  in  lbs.  on  the  square  inclu 
Xiet  a  be  the  required  area  of  the  safety  valve;  then 

V 
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Another  mode  of  daCeriniuiDg  the  size  of  the  orifice  has  reference 
to  the  rate  of  consumption  of  fuel,  and  consists  in  making 

a  in  square  inches  »  from  ^j  to  ^^^  of  the  number  of  lbs.  of  coal 
burned  per  hoar (2.) 

This  rule  is  applicable  to  boilers  in  which  the  weight  of  wnter 
actually  evaporated  per  lb.  of  coal  is  about  6  lbs  j  consequently  we 
may  substitute  for  it  the  following: — 

a  in  equare  inches  =  from  j\^  to  j^  of  the  number  of 

lbs.  oi'  water  actually  evaporated  per  hour (3.) 

Another  rule  is 

a  »  I  sq.  inch  x  noninal  horse-power  (see  page  47 9).... (4.) 

The  loading  of  these  valves  is  now  carried  out  by  springs,  as 
already  described. 

There  are  usually  two  valves,  each  about  capable  to  free  the 
boiler  of  the  steam  raised. 

The  spring-s  are  made  of  steel. 

The  Board  of  Trade  gives  the  following  formula  for  size  of  this 
steel : — 


where  S  =  load  on  the  spring  in  lbs. 

D  s=  diameter  of  the  spring  (from  centre  to  centre  of 
wire)  in  inches.  • 

d  »  diameter  or  side  of  square  of  the  wire  in  inches. 

c  =  8,000  for  round  steel. 

c  =  1 1,000  for  square  steel. 

The  Board  of  Trade  publishes  tables  of  relative  areas  and 
pressures  for  safety  valves.     (See  a'so  Appendix.) 

As  to  the  outdow  of  steam,  see  pages  298  and  555. 

318.  Mm!  B«M«4Mi — Keoent  improvements  in  the  manufacture  of 
steel  have  so  far  dinuniahed  its  coat  as  to  render  it  comuierciaily 
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available  as  a  material  for  boilers.  Its  tenacity  varies  according 
to  the  requirements.  Thus  the  usual  mild  steel,  as  now  manu- 
factured for  ship  and  boiler  plates,  has  an  ultimate  tenacity  of 
from  26  to  32  tons  per  square  inch.  Hence  by  the  use  of  this 
material  boilers  of  a  given  strength  may  be  made  lighter  than 
iron  boilers.  The  great  ductility  of  this  steel  necessitates  atten- 
tion to  prevent  breaking  from  compressive  action.  In  some 
cases  steel  rivets  are  also  used,  but  in  many  cases  iron  rivets  are 
preferred  to  rivet  steel  plates.     (See  page  563.) 

319.  ProTiag  Bailors. — Before  any  boiler  is  used,  its  strength 
ought  to  be  tested  by  means  of  the  pressure  of  water,  forced  in  by 
pumps.  The  testing  pressure  (according  to  the  piinciples  of  Articles 
59  and  60)  should  be  riot  less  tlian  double  the  working  pressure,  and 
not  Tfwre  than  half  the  bu/rsting  pressure;  that  is  to  say,  as  the 
bursting  pressure  should  be  six  times  the  working  pressure,  the 
testing  pressure  should  be  between  twice  and  three  times  the  work- 
ing pressure.  About  tux>  and  a-half  times  the  working  pressure  is 
a  good  medium. 

In  everything  that  relates  to  the  strength  and  testing  of  boilers, 
the  '*  pressure"  is  to  be  understood  to  mean  the  excess  o/the pressure 
within  the -boiler  above  the  atmospheric  pressure,  as  in  Article  294. 

The  pressure  of  water  is  to  be  used  in  testing  boilers,  because  of 
the  absence  of  danger  in  the  event  of  the  boiler  giving  way  to  it 

320.  SxpiMi^as  of  steam  boilers,  so  far  as  they  are  understood, 
arise  and  are  to  be  prevented  in  the  following  manner : — 

I.  From  oiiginal  weakness.  This  cause  is  to  be  obviated  by  due 
attention  to  the  laws  of  the  strength  of  mateiials  in  the  designing 
and  construction  of  the  boiler,  and  by  testing  it  properly  before  it 
is  subjected  to  steam  pressure. 

II.  From  weakness  produced  by  gradual  corrosion  of  the  ma- 
terial of  which  the  boiler  is  made.  This  is  to  be  obviated  by 
frequent  and  careful  inspection  of  the  boiler,  and  especially  of  the 
jiarts  exposed  to  the  direct  action  of  the  fire. 

III.  From  wilful  or  accidental  obstruction  or  overloading  of  the 
salety  valve.  This  is  to  be  obviated  by  so  constructing  safety 
valves  as  to  be  incapable  of  accidental  olwtruction,  and  by  placing 
at  least  one  safety  valve  on  each  boiler  beyond  the  control  of  the 
engineman. 

I Y.  From  the  sudden  production  of  steam  of  a  pressure  greater 
than  the  boiler  can  bear,  in  a  quantity  greater  than  the  safety  valve 
can  discharge.  There  is  much  difference  of  opinion  as  to  some  points 
of  detail  in  the  manner  in  which  this  phenomenon  is  produced ; 
but  there  can  be  no  doubt  that  its  primary  causes  are — first,  the 
overheating  of  a  portion  of  the  plates  of  the  boiler  (being  in  most 
cases  that  portion  called  the  croum  qfthe/umace^  which  is  directly 
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over  the  fire),  so  that  a  store  of  heat  is  accumulated — and,  secondly, 
the  sudden  contact  of  such  overheated  plates  with  water,  so  that 
the  heat  stored  up  is  suddenly  expended  in  the  production  of  a 
large  quantity  of  steam  at  a  high  pressure.  Some  engineera  hold, 
that  no  portion  of  the  plates  can  thus  become  overheated,  unless 
the  level  of  the  surface  of  the  water  sinks  so  low  as  to  leave  that 
portion  of  the  plates  above  it,  and  uncovered;  others  maintain, 
-with  M.  Boutigny,  that  when  a  metallic  surface  is  heated  above  a 
certain  elevated  temperature,  water  is  prevented  from  actually 
touching  it  either  by  a  direct  repulsion,  or  by  a  film  or  layer  of 
very  dense  vapour;  and  that  when  this  has  once  taken  place,  the 
plate,  being  left  dry,  may  go  on  accumulating  heat  and  rising  in 
temperature  for  an  indefinite  time,  until  some  agitation,  or  the 
introduction  of  cold  water,  shall  produce  contact  between  the  water 
and  the  plate,  and  bring  about  an  explosion.  All  authorities, 
however,  are  agreed,  tliat  explosions  of  this  class  are  to  be  pre- 
vented by  the  following  means : — 1.  By  avoiding  the  forcing  of  the 
fires,  which  makes  the  boiler  produce  steam  faster  than  the  rate 
suited  to  its  size  and  surface.  2.  By  a  regular,  constant,  and  suffi- 
cient supply  of  feed  water,  whether  regulated  by  a  self-acting 
apparatus,  or  by  the  attention  of  the  engineman  to  the  water 
gauge ;  and  3,  Should  the  plates  have  actually  become  overheated, 
by  abstaining  from  the  sudden  introduction  of  feed  water  (which 
would  inevitably  produce  an  explosion),  and  by  drawing  or  extin- 
guishing tlie  fires,  and  blowing  ofl*  both  the  steam  and  the  water 
from  the  boiler.     (See  page  557.) 

321.  Internal  Dcposiis. — Boilers  are  liable  to  become  encrusted 
inside  with  a  hard  deposit  of  the  minei-als  contained  in  the  water, 
which,  by  resisting  the  conduction  of  heat,  impairs  at  once  the 
evaporative  power  of  the  boiler,  its  dm-ability,  and  its  safety.  The 
deposition  of  carbonate  of  lime  can  be  prevented  by  dissolving  sal- 
ammoniac  in  the  water;  for  that  salt  and  the  carbonate  of  lime 
are  mutually  decomposed,  producing  carbonate  of  ammonia  and 
chloride  of  calcium,  of  which  both  are  soluble  in  water,  and  the 
former  is  volatile.  The  deposition  of  sulphate  of  lime  can  be  pre- 
vented by  dissolving  carbonate  of  soda  in  the  water ;  the  products 
being  sulphate  of  soda  and  carbonate  of  lime,  of  which  the  former 
is  soluble,  and  the  latter  falls  down  in  grains,  and  does  not  adhere 
to  the  boiler.  The  most  effectual  means  of  preventing  internal 
incrustation  is  the  use  of  water  so  pure  as  to  yield  no  deposit, 
whether  such  water  be  obtained  from  a  natural  source,  or  by 
means  of  surface  condt  nsation.  But  galvanic  action  must  be 
prevented.  Plates  of  zinc  suspended  in  the  boiler  have  been  used 
with  advantage  for  this  pur]K)8e.     (See  Appendix,  page  589a.) 

A  peculiar  deposit  of  an  unctuous  natuie  has  been  found  to  clog 
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the  water  spaoes  of  the  boilers  of  flome  of  ik»  eapnm  in  whidi  aor- 
£Me  coDdeDMktioii  has  been  employed.  That  depoait  oonsiata  of  the 
grease  or  oil  uaed  to  lubricate  the  cylinder,  partially  altered  and 
decomposed.  It  can  be  obviated  by  introducing  little  or  no  greaae 
or  oil  into  the  cylinder;  and  to  make  that  practicable,  the  surlace 
of  contact  between  the  packing  of  the  piston  and  the  intericr  of  the 
cylinder  must  be  lubricated  with  water.  In  order  that  a  small 
quantity  of  water  may  remain  in  the  cylinder  in  the  liquid  state 
for  that  purpose,  the  heating  oi  the  steam,  whether  by  means  of  a 
superheating  apparatus  or  of  a  steam  jacket  round  the  cylind^*, 
must  not  be  carried  so  fiir  as  wholly  to  prevent  condensation  in  the 
cylinder.     On  this  point,  see  Article  286,  page  396. 

322.  An  Bzicmai  Crmm  of  a  carbouaceous  kind  is  often  deposited 
from  the  flame  and  smoke  of  the  furnaces  in  the  flues  and  tubes, 
and  if  allowed  to  accumulate,  seriously  impairs  the  economy  of  fuel 
It  is  removed  from  time  to  time  by  means  of  scrapers  and  wire 
binishes.  The  accumulation  of  this  cnist  is  the  probable  cauae  of 
the  fact,  that  in  some  steam-ships  the  consumption  of  coal  |»er 
indicated  horse-power  per  hour  goes  on  gradually  increasing,  until 
it  reaches  one  and  a*half  its  original  amount,  and  sometimes  more. 
The  followiug  is  an  example  of  that  increase,  from  an  ocean  steamer 
of  great  size  and  power : — 

Coal  per  I.  H.-P., 
pt-r  hour. 
Lbs. 

On  trial  trip, 3.5 

On  Ist  day  of  voyage, 3*6 

On  5th  day, 468 

On  11th  day, 4*55 

On  2Gth  day, 532 

On  30th  day, 584 

On  32d  day, 4"^5 

On  35th  day, 610 

The  increase  in  the  consumption  of  fuel,  although  not  absolutely 
continuous,  and  sometimes  even  reversed  to  a  small  extent,  is  still 
sufficiently  marked  to  prove  a  progressive  falling  ofl*  in  the  efficiency 
of  the  furnace  and  boiler. 

323.  iv^mimii  iiM«e-p«wcr  •f  Boilers. — Boilcrs,  especially  those 
of  stationary  engines,  are  sometimes  stated  to  he  of  so  many  Aor«^ 
power.  This  is,  in  fact,  a  conventional  mode  of  describing  the  dimen- 
«orw  of  the  boiler,  according  to  an  arbitrary  rule.  The  rules 
employed  for  estimating  the  nominal  horse-power  of  boilers  have 
been  various,  and  most  of  them  vague  and  indefinite.  A  perfectly 
definite  rule,  however,  has  been  proposed  by  Mr.  Robert  Armstrongi 
as  being  foimded  on  the  best  oidinary  practice,  vi& : — 
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Tffke  a  mean  proportional  between  the  area  of  the  fire  grate  in  equiwM 
/eet^  and  tJte  area  of  the  effective  heating  swrface  in  eqnare  ya/rde. 

The  nominal  horse-power  of  the  boil«^r  is  generally  much  lew 
than  the  indicated  horae-power  of  the  engine,  to  which  it  bears  no 
tixe<l  proportion. 

Section  2. — Examples  of  Furnaces  and  Boilers. 
324.  Wag«n  Boiler. — This  form  of  boiler,  at  one  time  used  foir 


Fig.  116. 

low  pressure  steam  only,  was  intro- 
duced by  Boultoa  and  Watt,  and 
was  for  a  long  time  the  most  gene- 
rally used  of  all  boilers. 

Fig.  116  is  a  longitudinal  section, 
showing  the  general  arrangement 
of  the  principal  appendages  of  the 
boiler;  tig.  117,  a  ci-oss-section. 
A    is    the    grate;    B,   the    boiler; 


Fig.  117, 


470  STEAK   AND  OTHER  HEAT  EITOINES. 

C,  C,  C,  C,  stay-rods;  D,  the  bridge;  N,  N,  flues.  The  flame  or 
furnace  gas  proceeds  from  the  furnace  over  the  bridge,  and  back- 
wards along  the  flue  below  the  boiler;  it  returns  forwaixls  along 
<one  of  the  lateral  flues  N,  and  again  proceeds  backwards  along  the 
other  lateral  flue  to  the  chimney.  This  course  of  the  hot  gas  is 
•called  a  vohed-draught.  In  the  figure  the  boiler  has  no  internal  flue ; 
sometimes  there  is  a  cylindrical  internal  flue,  along  which  the  hot 
,gas  returns  forwai-ds,  and  then  divides  into  two  currents,  which 
proceed  backwards  to  the  chimney  along  the  lateral  flues.  This  is 
called  a  aplU-drattgfU, 

W  and  S  are  water-gauge  cocks ;  M,  the  man-hole ;  I,  the  steam 
pipe;  V,  the  safety  valve;  F  is  the  stone  float,  partially  counter- 
poised, whose  rising  and  falling  regulates  the  valve  for  the  admi.s- 
flion  of  the  feed- water.  The  column  of  water  in  the  vertical  feed- 
pipe in  these  old  low-pressure  boilers  acts  as  a  i)ressure  gauge,  and  a 
float  on  the  surface  of  that  column  is  seen  to  be  connected  by  a 
ichain  over  a  pulley  with  the  damper,  whose  opening  it  regulates. 

325.  Crliadricai  BM-Kaded  Boiler. — This  boiler  consists  simply 
of  a  cylindrical  shell  with  hemispherical  enda 
Its  figure  is  very  favourable  to  strength  and 
safety,  with  a  high  pressure;  but  it  requires 
great  length  as  compared  with  other  boilers 
to  give  sufficient  heating  suiface.  In  the  cross- 
section,  fig.  118,  A  is  the  grate,  occupying 
a  length  which  ought  not  to  exceed  about  six 
feet  under  the  front  end  of  the  boiler;  B,  the 
boiler;  D,  the  bridge,  made  concave  at  the 

Fig.  118.  top  so  as  to  be  parallel  to  the  bottom  of  the 

boiler;  N,  N,  the  flues,  through  which  the  hot 
gas  forms  a  wlteel-drav^ht,  as  in  Article  32'1. 

This  boiler,  like  the  wagon  boiler,  is  s<3metimes  made  with  an 
internal  flue,  by  which  the  deficiency  of  heating  surface  compai-ed 
with  capacity  is  to  a  certain  extent  made  up. 

A  serious  defect  of  the  cylindrical  boiler  with  the  furnace  below 
it  is,  that  the  bottom  of  the  boiler  where  sediment  collects  is  the 
part  exposed  to  the  most  intense  heat.  Unless,  therefore,  the  water 
used  is  of  uncommon  purity,  the  bottom  of  the  boiler  is  liable  to 
bum.  Cylindrical  l>oilers  are  sometimes  made  without  lateral  flues ; 
the  hot  gas  flowing  straight  along  the  bottom  of  the  boiler  from  the 
furnace  to  the  chimney.  This  an-angement  is  called  a  "flash 
flue."  It  requires  a  greater  length  for  a  given  heating  surface  than 
any  other  form  of  boiler. 

326.  Bn«rc  Boiler. — ^This  is  the  name  given  by  Messrs.  Dunn 
&  Hattersley  to  a.  boiler  introduced  by  them,  in  order  to  obtain  the 
strength  of  the  cylindrical  ^;g-ended  boiler,  without  its  disadvan- 
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tages  in  point  of  compactness,  economy  of  fuel,  and  durability.  It 
consists  of  a  number  of  small  cylindrical  egg-ended  shells  laid  side 
by  side,  parallel  and  horizontally,  above  the  furnace  and  flues;  these 
contain  water  to  about  three-quartere  of  their  depth,  and  in  them 
the  boiling  takes  place;  they  all  communicate  upwards  with  one 
long  cylindrical  egg-ended  shell  which  acts  as  a  steam  chest,  and 
below  with  another  which  sei'ves  as  a  sediment  collector. 

327.  Cjiiadiricai  Boiler  with  Heaters. — ^Tliis  is  called  in  Britain 
the  "  French  boiler,"  fi-om  being  much  used  in  France.  In  France 
it  is  called  "  chaudiere  k  bouilleui-a"     Fig.  119  shows  a  longitudi- 


nal section  of  the  furnace  and  flues,  and  side  elevation  of  the  boiler; 
fig.  120  shows  a  cross-section  of  the  boiler,  furnace,  and  flues. 

A  is  the  main  boiler  shell,  cylindrical,  with  hemispherical  ends ; 
B,  B,  the  heaters,  or  "  bouilleurs,"  being  horizontal  cylindrical 
shells  of  smaller  diameter  than  the  main  shell,  having  their  back- 
ward ends  hemispherical  or  segmental,  and  their  forward  ends 
closed  by  covers,  so  as  to  sei've  as  "  mud-holes "  for  the  clean- 
sing out  of  sediment  when  required ;  C  C  C,  C  C  C,  are  two  rows 
of  vertical  tubes,  which  connect  the  main  boiler  shell  with  the 
heaters.      D  is  a  horizontal  brick  partition,  at  the  level  of  the 
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upper  Kalv^es  of  the  heaters;  £,  the  furnace;  F  (fig.  120),  ilM 
passage  OTsr  the  bridge  iix>m  the  furnace  to  the  flame-bed. 
The  space  above  the  horizontal  partition  D 
is  divided  by  two  parallel  brick  partitions, 
occupying  the  intervals  of  the  two  rows  of 
vertical  tubes,  into  three  parallel  flues,  H,  G,  H. 
L  is  the  chimney ;  M,  the  dam|>er ;  d  u  the 
glass  water-gauge  in  front  of  the  boiler.  On 
the  top  of  the  main  shell  are  seen  the  man- 
hole, safety  valves,  and  ot^er  appendages.  In 
flg.  119,  at  the  back  of  the  furnace,  is  seen 
one  of  a  row  of  curved  passages,  opened  and 
closed  by  a  sliding  valve,  for  admitting  jets  of 
air  above  the  fuel  through  holes  in  the  fW>nt 
of  the  bridge ;  at  the  front  of  the  fiimace  is 
seen  a  dead-plate. 

The  flame  and  hot  gas  pass  backwvinls 
through  F  j  then  forwards  through  G ;  then 
by  a  "split-draught,"  backwai^  through 
the  lateral  flues  H,  H ;  and  then  to  the 
chimney. 

This  boiler  is  considered  both  mfe  and 
efficient  In  France  the  heaters  and  con- 
necting tubes  are  often  made  of  cast  iron  ; 
in  Britain  that  material  is  considered  unsafe 
for  boilers. 

328.  The  c«raMi  BiMtor  in  its  simplest 
form  consists  of  a  horizontal  cylindrical  shell  B  (fig.  121),  with  an 
internal  cylindrical  flue,  whose  diameter  is  iSths  of  that  of  the 
shell  or  thereabotite.  In  the  front  end  of 
that  flue  is  situated  the  internal  furnace, 
of  which  A  is  the  grate,  and  D  the  bridge. 
The  external  flues  may  be  arranged  either 
for  a  split- draught  or  a  wheel-ditiught 
The  figure  shows  the  arrangement  for  a 
split-draught  The  current  of  furnace  gas, 
after  having  passed  backwards  over  the 
bridge  and  along  the  internal  flue,  divides 
into  two  streams,  which  pass  forwards  along  the  side  flties  £,  E ; 
then  those  streams  re-unite,. and  pass  backwards  along  the  bottom 
flue  F  to  the  chimney.  In  this  form  of  boiler  the  furnace  gas 
takes  a  descending  course,  of  which  the  advantages  have  been 
stated  in  Articles  220  and  313;  the  bottom  of  the  boiler,  where 
the  feed-water  first  mingles  with  the  rest,  and  where  deposit  tends 
to  settle,  is  the  coolest  portion;   and  the  hottest  portion  (the 
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crown  of  the  funMboe)  is  near  the  sar&ee,  where  the  steam  is 
given  o£  All  these  drcttmstances  are  favourable  to  durability 
and  economy. 

The  crown  of  the  furnace,  and  a  poi-tion  of  the  top  of  the  flue 
beyond  the  bridge,  are  sometimes  lined  with  a  brick  arch,  to  pro- 
rent  the  flame  from  being  cooled  and  extinguished  by  contact  with 
the  plates  of  the  boiler  before  the  combustion  of  the  coal  gas  is 
complete. 

The  part  of  the  internal  flue  behind  the  bridge  is  sometimes  made 
a  little  narrower  than  the  part  which  contains  the  furnace. 

Boilers  of  this  class  have  in  many  cases  given  way  by  the  collaps- 
ing of  the  internal  flue.  'J'he  principles  upon  which  the  strength 
of  that  flue  depends,  discovered  by  Mr.  Fairbaim.-  have  been 
explained  in  Article  67,  pages  70,  71. 

The  dotted  circle  C  represents  a  heater,  or  horizontal  water-tube, 
like  thoee  of  the  French  boiler,  which  is  sometimes  placed  within 
the  internal  flue  of  the  Cornish  boiler,  in  the  part  behind  the 
bridge.  It  is  connected  by  one  or  more  vertical  water-tubes,  with 
the  water-space  at  the  bottom  of  the  main  boiler,  and  by  a  siphon- 
shaped  tube,  beyond  the  backward  end  of  the  main  boiler,  with  the 
steam-space  at  the  top. 

329.  Cyltadrical  DMiMe-Famare  Boiler* — A  cross-section  of  a 
boiler  of  this  class  is  s^own  in  flg.  1 22.  The 
boilerconsists  of  a  cylindrical  shell,  with  a  pair  of 
similar  and  parallel  internal  flues,  whose  diame- 
ter is  i^^hs  of  that  of  the  shell,  or  thereabouts. 
Each  of  these  flues  contains  in  its  front  end 
an  internal  fui-nace,  like  that  of  the  Cornish 
boiler.     Those  furnaces  are  flred  alternately,  in  ,,.  ^  .-.^ 

order  to    promote    complete    combustion,   as 
stated  in  Article  230,  page  2S2,     The  external  flues  form  either  a 
wheel-draught  (as  shown  in  flg.  122),  or  a  split- draught  (as  shown 
in  ^.  121). 

In  one  form  of  this  boiler  the  two  internal  flues  run  parallel  to 
each  other  from  end  to  end  of  ^he  boiler.  This  pi-events  the  mixing 
of  the  gases  from  the  two  furnaces  until  they  have  been  considerably 
cooled ;  and  to  remedy  that  defect,  in  some  boilers  a  series  of  trans- 
verse tubes  have  been  introduced,  at  and  near  the  bridges,  to  mako 
an  early  communication  between  the  two  cun-ents  of  furnace  gaa 

In  another  form,  the  two  flues  unite  into  one  at  a  short  distanco 
behind  the  bridges,  so  that  the  entire  combination  of  flues  has  a 
forked  shape.  The  combustion-chamber  whei-e  the  flues  unite,  is 
sometimes  strengthened  against  collapsing  by  means  of  vertical 
water- tubes  traversing  it,  and  acting  as  hollow  pillars  or  struts,  tu 
keep  the  top  and  bottom  asunder. 
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330.  Crliadrical    DMkle-Faniace    Taknlar   Boiler. — ^This  boiler, 

introduced  by  Mr.  Fairbaim,  is  like  a  forked-flue 
boiler,  in  which,  for  the  single  pai-t  of  the  inter- 
nal flues,  is  substituted  a  set  of  parallel  tubes. 
The  cross-section  of  the  two  furnaces  is  similar  to 
fig.  122.  Fig.  123  is  a  horizontal  section  of  the 
boiler.  A,  A,  are  the  grates;  B,  B,  dead-plates; 
D,  D,  bridges;  E,  mixing-chamber  or  flame-chamber; 
F,  F,  front  tube- plate;  G,  tubes;  H,  H,  back  tube- 
plate,  and  backward  end  of  boiler.  According  to 
the  usual  proportions  of  this  boiler,  the  length  of  the 
tubes  is  about  one-half  of  the  total  length  of  the 

«.     ^«o         boiler.     It  has  external  flues,  like  the  boiler  of  the 

"^'S-^^S.        i^t  Article. 

331.  Marine  Boilers  have  undergone  great  changes  due  to  the 
increasing  pressures  demanded  for  economical  working  of  the 
steam,  and  the  introduction  of  steel  as  a  material  for  the  shell 
plates,  together  with  the  use  of  corrugated  flues,  has  enabled 
engineers  to  carry  out  those  high  pressures  now  used  at  Rea, 
ranging  from  100  to  20')  lbs.  per  square  inch.  As  in  such  cases 
economy  of  material  with  efficiency  of  working  are  the  principal 
matters  to  be  kept  in  view,  the  proper  proportioning  of  all  the 
parts  which  go  to  make  up  a  modern  marine  boiler  has  to  be 
carefully  attended  to.  Thus  the  Fire-grate  are:i  has  to  be 
considered  in  reference  to  combustion,  and  the  Heating  area 
to  steam  raising.  The  relative  proportion  of  these  areas  may 
vary  within  certain  limits,  but  modern  practice  has  assigned  in 
a  general  way  values  which  have  been  found  to  be  satisfactory. 
Thus,  taking  20  lbs.  of  coal  consumed  on  1  square  foot  of 
grate  per  hour,  and  the  evaporation  of  water  at  about  9  lbs.  per 
ib.  of  coal,  the  fire-grate  area  will  require  to  be  at  the  rate  of 
one-eighth  of  a  square  foot,  and  the  heating  surface  from  3  to  3| 
square  feet,  for  each  indicated  horse-power  to  which  the  engine 
is  intended  to  work,  or  generally  the  heating  surface  25  or  26 
times  the  grate  area.  About  five-sixths  of  the  total  heating 
surlace  will  be  in  the  tubes  alone. 

The  tubes  are  about  3  inches  external  diameter,  and  from 
6  feet  to  7  feet  in  length. 

332.  iviarine  Tnkaiar  Bailers. — The  general  arrangement  of 
these  boilers  is  shown  by  fig.  124  and  accompanying  plate, 
where,  both  in  end  elevation  and  longitudinal  section,  the  details 
of  construction  are  given.  In  fig.  124,  A,  A,  is  the  grate ;  B,  the 
dead-plate;  C,  the  ash-pit;  D,  the  bridge;  E,  the  rising  flue, 
flame-chamber,  or  "  bnck  uptake ; "  F,  F,  F,  F,  the  tube-plates 
and    tubes;   G,  G,  the  uptake,  having   doors  in  front   for   the 
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removal  of  soot  and  other  dirt,  and  for  access  to  the  tubes  to 
deanse  or  repair  them;  H,  the  chimney.  The  figure  shows  • 
few  of  the  stay-rods  within  the  boiler. 


Pig.  124. 

The  boiler  shown  on  plate  is  double-ended,  or  arranged  so  as 
to  be  fired  from  both  ends,  the  combustion  chamber  being  in  the 
central  part  instead  of  at  the  back  as  in  fig.  124,  and  the  flame 
and  smoke  passing  through  the  tubes  to  right  and  left  to  the 
uptakes  and  funnel ;  the  area  of  the  latter  is  about  one-sixth  of 
that  of  the  fire-grate. 

Various  other  forms  of  boilers  are  used,  principally,  however, 
on  board  small  steam  vessels  such  as  launches  and  river  boat8. 
The  locomotive  type,  in  which  the  tubes  are  horizontal  like  that 
described,  and  the  haystack  form,  in  which  the  tubes  are  vertical, 
arc  illustrations.  In  the  locomotive  type  the  draught  in  the 
chimney  is  increased  by  the  steam  blast,  but  in  many  cases  forced 
draught  is  resorted  to  by  such  methods  as  closed  stokeholes,  the 
air  in  which  is  kept  at  a  sufficiently  high  pressure  to  insure  i% 
more  rapid  combustion  and  consequent  quicker  evaporation. 

333.  iraicr-THb«  B^ilcv. — Various  forms  of  this  boiler  have  been 
tried  from  time  to  time.  The  Belleville,  the  Babcock  &  Wilcox, 
and  other  boilers  have  been  fitted  into  vessels  of  H.M.  Navy 
(aee  figs.  125,  126). 
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334.  DHB4«BnM  •■«!  Hnyslack  B«ll«rs. — The  Earl  of  Dlin- 
doiiald's  boiler,  roentioDed  in  Article  234,  Example  X.,  consists 
of  a  shell  like  that  of  a  marine  flue-boiler,  but  somewhat 
longer  and  lower.  Within  that  shell  are,  the  furnace,  the 
flame-chamber,  and  the  uptake,  all  at  \he  same  or  nearly  the 
same  level.  The  flame  j^asses  from  the  top  of  the  furnace  into 
the  top  of  the  flame-chamber,  which  is  traversed  by  a  great  number 
of  vertical  wateMubes :  from  the  hott&m  of  this  chamber  the  hot 
gas  passes  into  the  uptake,  in  contact  with  which  is  a  steam  chest 
com  Kunieating  at  its  top  with  the  top  of  the  boiler.  At  the 
passage  of  communication  is  a  centrifugal  fan,  so  placed  as  to  throw 
the  spray  that  is  mixed  with  the  steam  back  into  the  boiler. 

Amongst  vertical  tube  boilers  may  be  mentioned  one  of  Mr. 
David  Napier*s,  which  has  been  used  to  some  extent  in  practiee. 
The  shell  is  cylindrical  and  vertical,  with  a  hemispherical  top. 
Within  it  is  a  vertical  cylindrical  flame-chamber,  and  within  the 
flame-chamber  are  numerous  vertical  water-tubes,  communicating 
above  with  the  steam  space  at  the  top  of  the  boiler,  and  below 
with  a  flattened  hollow  disc,  or  *'  pan,"  which  is  above  the  fire,  and 
is  connected  by  horizontal  tubes  with  the  surrounding  annular 
water  space.  The  water-tube  boiler  has  the  advantage  of  facility 
in  raiaing  steam  rapidly,  and  of  carrying  less  weight  of  water. 

Addendum  to  Article  306,  Page  457. 

Farvacrs  far  UliBenil  OIU— To  adapt  the  furnace  of  a  steam-boiler  to  the  horn- 
ing of  imneral  oil,  it  is  lined  throa;^hoi]t  with  6re-br{ck  4  or  5  inches  thick,  which  at 
OBce  iMTOtects  the  boiler-plates  and  maintains  a  temperature  high  enough  for  complete 
comboatkm.  The  oil  runs  from  a  closed  reservohr  at  a  rate  regulated  br  means  of  suit- 
able cocks  or  valves  into  one  or  more  funnels,  from  which  it  is  conducted  into  the 
furnace.  There  are  different  ways  of  introducing  the  oil  and  the  air  for  its  oonb«$tii>n 
into  the  furnace;  but  in  every  case  it  is  essential  that  the  oil  should  be  in  a  state  of 
fine  division.  In  some  furnaces  the  oil  flows  in  by  gravity,  in  a  shower,  from  a  row 
of  sanall  orifices  in  the  front;  and  below  these  is  a  fire-brick  grating,  through  which  the 
air  enters.  In  others  the  oil  is  blown  into  th«  fumaoe  in  the  state  of  spray,  by  means 
of  a  jet  of  highly  superheated  steam;  and  the  air  enters  through  orifices  siimMinding 
the  iiijectuig  apparatus  (Aydon's  system). 

Addendum  to  Article  316,  Page  464. 

The  Iaucct«r  for  feeding  boilers  (invented  by  Giffard)  is  in  fjct  a  jet  pump  (Artfcle 
187  A,  page  218).  in  which  the  water  is  driven  by  a  jet  of  steam  taken  from  the  boiler 
that  is  fed.    The  ordinary  rule  for  finding  the  proper  sectional  area  for  the  narrowest 

.    ,^  ,     .       *«  T?  .    u     cubic  feet  per  hour  gr.  "88  feed  water 

parti  of  the  nozzles  is  as  follows : — For  square  inches,  oaa    j     ^^—. c i 

*  ^  800  y/  pressure  in  atmospheres  ' 

.-.,«..     cttWc  feet  per  hour  gross  feed  water    _, 
*"'  ford""^  t"**^    680  V  pr««u.»  In  .t.no.ph,»»  '    The  «|»nd..««  rf .(«n. 
b  atioal  fovrtcen  timm  Ihe  mAmm  of  ths  water  irj  xted.     (f«e  flg.  Ilia,  }ft  4».) 
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CHAPTER  V. 

OP  THE  MECHANISM  OF  STEAM  XKOINE& 

Section  1. — Ofiht  Mecfuinisnh  of  Steam  Kiiginei  in  ge^wroL 

Sdd.  Bacines  CIsMcd. — All  steam  engines  may  be  divided  into 
two  great  classes,  according  as  they  are  or  are  not  provided  with 
apparatus  for  condensing  the  steam  at  a  pressure  lower  than  the 
atmospheric  pressure;  that  is  to  say,  with  a  low  preagure  coiuteih^er^ 
and  its  appendages.     These  classes  are — 

I.  Condf^ising,  or  low  pressure  engine, 

II.  N on-condensing f  or  high  pressure  engines. 

The  difiei*ence  between  those  two  classes  of  engines,  in  so  far  as 
it  affects  the  efficiency  of  the  stiMun,  has  been  trtiated  of  already  in 
Ai*ticle  280,  pages  381,  382,  383,  and  in  Article  28U,  ]Niges  41i», 
411.  The  kind  of  locomotive  mentioned  in  Article  412,  which 
condenses  part  of  its  waste  steam  at  the  atmo8[)heric  pressutv, 
belongs  more  proj)erly  to  the  second  class  than  to  the  first 

Engines  of  the  second  class  are  on  the  whole  less  economical 
of  fuel  than  those  of  the  first  class ;  but  as  they  have  fewer  {jartH, 
and  occupy  less  s])ace,  they  are  much  used  where  simplicity  and 
com})actnesB  are  considei-ed  of  more  imi^ortance  than  economy  of 
fuel. 

A  second  mode  of  classing  steam  engines  is  founded  on  the  mo<]e 
in  which  the  steam  acts  upon  the  piston,  and  is  as  follows : — 

I.  Single  acting  engines,  in  which  the  steam  i)erformB  its  work 
by  its  action  on  one  side  of  the  piston  only. 

II.  DovMe  acting  engines,  in  which  the  steam  exerts  energy  on 
either  side  of  the  piston  alternately. 

III.  Rotatory  engines^  in  which  the  steam  drives  a  revolving 
piston  round. 

The  way  in  which  the  difference  between  single  and  double  act- 
ing engines  affects  the  calculation  of  the  power  has  already  been 
explained  in  Article  43,  page  50,  and  referred  to  in  Article  200, 
pages  333,  334,  Article  263,  page  339,  and  elsewhere. 

A  tJdrd  mode  of  classification  distinguishes  engines  into— 
I.  Non-rotativef  in  which  no  continuous  rotation  is  produced,  aa 
in  sii'gle  acting  pumping  engines,  steam  hammers,  and  direct  acting 
beetling  machines. 
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11.  Rotative  engines,  in  which  the  motion  is  finally  communi- 
Cf^ted  to  a  continuously  rotating  shaft. 

Eotative  engines  are  now  the  most  common.  Non-rotative 
engines  are  exceptional 

Kfofwrtk  mode  of  classing  engines  is  founded  on  their  purposes, 
as  follows : — 

L  Stationary  engineSy  such  as  those  used  for  pumping  water,  for 
driving  manufacturing  machineiy,  &c. 

II.  Portable  engines,  which  can  be  removed  from  place  to  place, 
l>ut  are  stationary  when  at  work. 

III.  Marine  engines,  for  propelling  vessels. 

IV.  Locomotive  engines,  for  propelling  vehicles  on  land. 
Stationary  engines  exist  of  all  the  classes  belonging  to  the  three 

previous  modes  of  classification.  Portable  engines  are  usually  non- 
condensing,  to  save  space,  and  to  adapt  them  to  situations  where 
injection  water  cannot  be  obtained  in  sufficient  quantity.  Most  of 
them  are  also  double  acting  and  rotative.  Marine  engines  are  in 
general  condensing,  double  acting,  and  rotativa  Locomotive  engines 
are  almost  all  non-condensing,  and  all  double  acting  and  rotative. 

336.  N«miMil  B«rae-powcr  is  a  conventional  mode  of  describing 
the  dimensions  of  a  steam  engine,  for  the  convenience  of  makers 
and  purchasers  of  engines,  and  bears  no  fixed  relation  to  indicated 
or  to  effective  horse-power. 

The  mode  of  computing  nominal  horse-power,  established  amongst 
dvil  manufacturers  of  steam  engines  by  the  practice  of  Messrs. 
Boulton  and  Watt,  is  as  follows : — 

Assume  the  velocity  of  the  piston  to  be  128  feet  per  minute 
X  cube  root  of  length  of  stroke  in  feet ; 

Assume  the  mean  effective  pressure  to  be  7  lbs.  on  the  square 
inch; 

Then  compute  the  horse-power  from  those  fictitious  data,  and  the 
area  of  the  piston;  that  is  to  say, 

Nominal  H.-P.  =  7  x  128  x  «/  stroke  in  feet 
X  area  of  piston  in  square  inches  -r  33,000 

\J  stroke  in  feet  x  area  piston  in  inches 
37  nearly 
\l  stroke  in  feet  x  diam.^  in  inches  ..  . 

47  ^   ' 

The  indicated  power  of  different  engines  usually  exceeds  the 
nominal  power  as  computed  by  the  above  nile  very  considerably. 
In  the  rule  formerly  used  by  the  AdmircUtj/  for  computing 
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nominal  horse-power,  the  real  velocity  of  the  piston  was  taken  into 
account ;  but  the  Jictitums  effective  presswre  of  7  lbs.  od  the  square 
inch  was  assumed ;  consequently,  by  this  rule, 

Nominal  H.-P.  =  velocity  of  piston  in  feet  per  minute 

X  area  of  piston  in  inches  x  7  -f-  33,0  0 

velocity  in  feet  per  min.  x  diam.^  in  inches 


6000 


(2.) 


The  divergence  between  nominal  horse-power  and  indicated 
horae-power  has  now,  due  to  increased  pressures  and  piston  speeds^ 
assumed  such  large  proportions,  that  there  appears  to  be  no 
advantage  in  i*etaining  the  former  term.  There  have  been  many 
different  rules  formed  for  the  calculation  of  nominal  horse-power 
and  consequent  endeavour  to  bring  them  to  some  uniformity. 
This,  however,  is  rendered  difficult  by  the  different  types  of 
engines  to  be  dealt  with  necessitating  different  constants  for  com- 
pound, triple,  and  quadruple  engines. 

337.  Bnanemtl^a  •f  the  PriaclRBl  Paru  •€  •■  £■«!»«. — ^I.  The 
boiler  and  cylinder  are  connected  by  means  of  the  steam  pip&9  in 
which  is  the  stop  valve,  already  mentioned  in  Article  305,  Divi- 
sion XI. :  also,  the  throttle  valve  or  regvlaior,  for  adjusting  the 
opening  for  the  admission  of  steam  to  the  cylinder,  which  in  some 
engines  is  regulated  by  hand,  and  in  others  by  a  goverrwr,  as  to 
which  see  Articles  55,  5Q,  page  63 :  also  pages  551  and  564. 

II.  The  steam  pipe  contains  sometimes  also  the  cu^t-off  valve  or 
expansion  valve,  for  cutting  off  the  admission  of  the  steam  to  the 
cylinder  at  any  required  period  of  each  stroke  of  the  piston,  leaving 
the  remainder  of  the  stroke  to  be  performed  by  the  expansion  of 
the  steam  already  admitted. 

IIL  The  cylinder  may  be  single  or  double  acting.  In  a  single 
acting  engine,  the  piston  is  forced  in  one  direction  by  the  pressure 
of  the  steam,  and  made  to  return  in  the  opposite  direction  when 
the  steam  is  discharged  by  the  action  of  a  weight  or  counterpoise. 
In  a  double  acting  engine,  the  piston  is  forced  in  either  direction 
by  the  pressiure  of  the  steam  which  is  admitted  and  dischaiiged  at 
either  end  of  the  cylinder  alternately. 

ly.  The  admission  and  discharge  of  the  steam  take  place 
through  0})ening8  near  the  ends  of  the  cylinder,  called  ports,  con- 
nected with  passages  called  nozzles,  which  are  opened  and  closed 
by  induction  and  eduction  valves.  Sometimes  the  induction  and 
eduction  valves  are  combined  in  one  valve,  called  a  diek  valve. 
The  valves  are  contained  in  the  valve-chest. 

V.  In  non-condensing  enginef^  (conventionally  called  high  pressure 
engines),  the  waste  steam  discharged  from  the  cylinder  escapes  into 
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the  atmosphere  through  the  blast  pipe;  in  locomotive  engines,  as  well 
as  some  others,  the  blast  pipe  is  placed  in  the  centre  of  the  chimney, 
so  that  the  successive  blasts  of  steam  discharged  fi-om  it  augment 
the  draught  of  air  through  the  furnace,  and  cause  the  combustion 
of  the  fuel  to  be  more  or  less  itipid,  according  as  the  engine  is  per- 
forming more  or  less  work. 

VI.  The  cylinder  cover  has  in  it  a  stuffing-box  for  the  passage  of 
the  piston  rod ;  in  large  engines  there  are  sometimes  more  than  one 
piston  rod  and  stuffing-box,  and  sometimes  a  tubular  piston  rod, 
called  a  trunk.  The  cylinder  cover  is  also  provided  with  a  grease 
cocky  to  supply  the  piston  with  unguent. 

VII.  In  many  large  engines,  there  is  a  spiing  safety  valve, 
called  an  esca/pe  valve,  at  each  end  of  the  cylinder;  the  chief  use  of 
which  is  to  discharge  water  which  may  condense  in  the  cylinder,  or 
be  carried  over  in  the  liquid  state  from  the  boiler,  by  what  is  called 
prirning. 

VIII.  To  prevent  condensation  in  the  cylinder,  it  is  sometimes 
enclosed  in  a  casing,  called  a  jacket,  the  intermediate  space  being 
tilled  with  hot  steam  from  the  boUer,  or  hot  air  from  a  flue  (see 
Article  286).    (See  also  page  396.) 

IX.  Outside  the  jacket,  to  prevent  loss  of  heat  externally,  there 
is  a  dothing  of  felt  and  wood. 

X.  Double  cylinder  engines  have  two  cylinders;  the  steam  being 
admitted  from  the  boUer  into  the  first  cylinder  and  then  filling  the 
second  by  expansion  troia  the  first.     (See  Appendix.) 

XL  The  ordinary  condenser  is  a  stc»m  and  air-tight  vessel  of  any 
convenient  shape,  in  which  the  steam  dischaiged  from  the  cylinder 
is  liquefied  by  a  constant  shower  of  cold  water  from  the  rose-headed 
injection  valve,     (As  to  the  Ejector-condenser,  see  page  553.) 

XII.  In  land  engines  the  injection  uxUer  comes  from  a  tank  called 
the  cold  well,  surrounding  the  condenser,  and  supplied  by  the  cold 
tvater  pump;  in  marine  engines,  it  comes  directly  from  the  sea. 

XIIL  In  the  sv/rface  condenser  the  steam  is  liquefied  by  being 
passed  through  tubes  or  other  narrow  passages  surrounded  by  cur- 
rents of  cold  water,  or  cold  air.    (See  Appendix.) 

XIV.  The  condenser  is  provided  with  Uow-ikrough  valves,  com- 
municating with  the  cylinder,  usually  shut,  but  capable  of  being 
occasionally  opened,  and  with  a  snifting  valve  opening  outwards  to 
the  atmosphere;  through  these  valves  steam  can  be  blown  to  expel 
air  from  the  cylinder  and  condenser  before  the  engine  is  set  to 
work. 

XV.  The  condenser  has  also  a  va>cimin  gauge,  to  show  how  much 
the  preasore  in  it  fedls  below  that  of  the  atmosphere  (see  Article 
107  A,  pages  110,  111,  112). 

XVL    The  water,  the  small  portion  of  steam  which  remains 
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uncondensed,  and  the  air  which  may  be  mixed  with  it,  are  sucked 
from  the  condenser  hy  the  air  pump,  and  discharged  into  the  /w€ 
wdl,  a  tank  from  which  the  feed  pump,  mentioned  in  Articles  305 
and  316,  draws  the  supply  of  water  from  the  boiler.  The  suq)lu8 
water  of  the  hot  well  in  land  engines  is  discharged  into  a  pond, 
there  to  cool  and  form  a  stoi'e  of  water  for  the  cold  well;  in  marine 
engines,  it  is  ejected  into  the  sea. 

XVLL  In  all,  except  certain  peculiar  classes  of  engines,  there  is 
a  paralld  motion  for  guiding  the  head  of  the  piston  rod  to  move  in 
a  straight  line,  consisting  either  simply  of  straight  cheeks  or  guides, 
or  of  a  combination  of  levers  and  linkwork,  invented  by  Watt,  and 
more  or  less  modified  by  others. 

XV  III.  The  peculiar  class  of  engines  above  excepted,  are — ^first, 
trunk  engines  (including  Mr.  Hunt's  Z  crank  engine),  where  the  stufT- 
ing-box  is  the  guide;  secondly,  aacilUUing  engines,  in  which  the  head 
of  the  piston  rod  is  directly  connected  with  the  crank,  and  the 
cylinder  oscillates  on  trunnions;  thirdly,  disc  engines,  in  which  the 
functions  of  a  cylinder  are  performed  by  a  vessel  of  the  figure  of  a 
spherical  zone,  and  those  of  a  piston  by  a  disc  having  a  motion  of 
nutation  in  that  zone;  and  fourthlv,  rotatory  engines,  in  which  the 
piston  revolves  round  an  axis.  Trunk  engines  were  used  in  the 
Navy  for  driving  screw  propellers.  The  Z  crank  engine  has  not 
been  tried  on  a  large  scale.  Disc  engines  are  said  to  answer  well, 
but  are  of  rare  occurrence.  Rotatoty  engines  of  various  kinds 
have  been  often  tried,  but  seldom  with  good  results 

XIX.  In  single  acting  engines  for  pumping  water,  the  pump 
rods  are  worked  either  by  direct  connection  with  the  piston  rod,  or 
through  the  intervention  of  a  beam. 

XX.  In  double  acting  engines,  the  power  is  communicated  to  a 
revolving  shaft,  driven  by  means  of  a  crank  and  connecting  rod,  with 
or  without  the  intervention  of  a  beam.  (In  oscillating  engines  the 
piston  rod  and  connecting  rod  are  one). 

XXI.  In  stationaiy  engines  the  shaft  carries  a^y-to/M,  to  dis- 
tribute and  equalize  irregularities  in  the  action  of  the  power  by  its 
inertia;  this  Unction  is  performed  in  marine  engines  by  the  inertia 
of  the  paddle-wheels  or  screw,  and,  in  locomotive  engines,  by  the 
inertia  of  the  driving-wheels  and  of  the  engine  itself. 

XXIL  The  feed  pump,  and  other  pumps  which  are  appca:idage8  of 
the  engine,  are  worked  by  the  mechanism ;  so  also  are  Uie  induction 
and  eduction  valves,  through  what  is  called  the  valve  gearing  or 
valve  motion — a  part  of  the  machinety  which  is  under  the  control  of 
the  engineman,  and  so  contrived  as  to  enable  him  to  stop  and 
reverse  the  motion  of  the  engines  at  will,  and  whose  forms  are  veiy 
varioua 

338.  CMBMiMdi  Baste^flw — ^Most  marine  and  locomotive  engines, 
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and  many  stationary  engines,  have,  in  order  to  equalize  the  action 
of  the  power,  a  pair  of  cranks  at  right  angles  to  each  other,  driven 
by  a  pair  of  pistons  in  impair  of  cylinders,  with  their  appendages; 
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and  are,  in  fact^  pairs  of  engines.  In  some  cases,  engines  arc  aiini- 
larly  combined  in  sets  of  three,  driving  three  cranks,  which  make 
equal  angles  with  each  other.  As  to  the  effect  of  these  combiua- 
tions  on  steadiness  of  motion,  see  Article  52,  page  60. 

339.  Parts  •r  an  BngiBe  iiinatmted. — Most  of  the  parts  enum«^ 
rated  in  Article  387  are  illustrated  in  ^g»  130,  which  representee  a 
longitudinal  section  of  a  rotative  doublenicting  statumary  canden-M- 
ing  (or  low-pressure)  steam  engine.  That  kind  of  engine  if*> 
selected  because  the  arrangement  of  its  i)arts  is  well  suited  for 
exhibiting  nearly  all  of  them  at  one  "vnew.  Amongst  the  parts 
omitted,  for  want  of  room,  the  chief  are  the  beam  and  the  parallt4 
motion,  which  will  be  illustrated  farther  on.  The  main-centre,  or 
axis  of  the  beam,  is  above  the  pillar  D,  and  its  two  ends  are  respec- 
tively above  the  cylinder  A  and  shaft  L. 

A  is  the  cylinder,  with  its  jacket,  but  without  clothing,  which  is 
a  defect  in  the  engine  represented. 

B,  the  piston,  with  three  metallic  packing-rings.  In  the  iigiii-e 
the  piston  is  supposed  to  be  moving  downwards,  pressed  hy  the 
steam  which  is  entering  above  it. 

C,  the  piston  rod. 

D,  one  of  the  pillars  of  the  fmme. 
o,  steam  pipe,  with  throttle  valve. 
6,  valve  chest. 

c,  slide  valve,  of  the  kind  called  a  '*D-»/tcife,*'  which  regulates  the 
"  distributio7i"  of  the  steam — that  is,  its  alternate  admission  and 
discharge  above  and  below  the  piston. 

df  exliaust-pipe,  leading  into 

E,  the  condenser. 

g,  injection  cock,  admitting  a  shower  of  cold,  water  from  the  cold    ^ 
well,  or  cold  water  tank,  into  the  condenser 

H,  air  pump,  the  piston  of  which  in  the  figure  is  supposed  to  l>i 
descending. 

K,  Hot  well. 

G,  connecting  rod,  in  the  act  of  rising. 

L,  shaft;  L  M,  crank;  M,  crank  pin,  in  the  act  of  right-handi  t 
rotation  (sunilar  to  that  of  the  hands  of  a  watch).  e 

N,  feed  pump,  drawing  water  from  the  hot  well  K.      In  ' 
engine  represented,  the  supply  pipe  from  the  hot  well  to  the  ftif 
pump  traverses  the  cold  well.     That  is  a  fault;  for  it  tends  to  heu\ 
the  condensation  water,  and  cool  the  feed  water. 

P,  feed  pipe  of  the  boiler. 

Q,  cold  water  pumj). 

R,  eccentric  rod,  which  receives  a  reciprocating  motion  from  an  '\ 
eccentno  wheel  on  the  shaft  L,  and  communicates  that  motion  to 
the  slide  valve  e. 

J 
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S,  governor,  being  a  double  revolving  pendulum  of  the  kind  men- 
tioned in  Article  55,  page  63.  It  is  seen  to  act  on  a  small  lever 
whose  axis  turns  in  bearings  fixed  to  the  pillar  D.  The  links  and 
intermediate  levers  by  which  the  motion  of  that  lever  is  communi- 
cated to  the  throttle  valve  are  not  shown,  their  arrangement  being 
a  matter  of  convenience. 

Section  2. — 0/ Steam  Passages,  Valves,  amd  Valve  Gearing, 

340.  Steam  Paanaccc — The  principle  which  ought  to  regulate 
the  size  of  the  steam  pipe,  and  of  all  passages  by  which  the  steam 
is  admiUed  to  the  cylinder,  has  already  been  stated  in  Article  290, 
page  414,  viz.,  that  the  velocity  of  the  steam  should  not  be  greater 
than  100  feet  per  second,  or  6,000  feet  per  minute,  supposing  its 
density  to  be  the  same  in  the  steam  pipe  and  in  the  cylinder  during 
the  admission. 

To  permit  the  ready  escape  of  the  steam  during  the  back  stroke, 
the  eidiaust  pipe  should  be  of  at  least  double  the  ai'ea  of  the  steam 
pipe. 

For  the  sake  of  simplicity,  it  is  an  almost  universal  practice  to 
make  the  steam  enter  and  leave  a  given  end  of  the  cylinder  through 
the  same  port  Mr.  Joule  has  pointed  out  that  this  practice  tends 
to  the  waste  of  heat,  especially  with  high  rates  of  expansion; 
because  the  cool  expanded  steam,  in  escaping,  cools  the  metal  of 
the  port,  which  is  again  heated  at  the  expense  of  the  heat  of  the 
next  cylindeifal  of  hot  steam  that  enters;  and  all  the  heat  so  trans- 
ferred fi-om  the  entering  to  the  escaping  steam  is  wasted.  Mr.  Joule 
therefore  recommends  the  use  of  se/parraJtA  admission  amd  exhoAisi 
ports, 

341.  Throttle  Talre. — When  the  throttle  valve  is  controlled  by 
a  governor,  it  is  usually  a  disc-and-pivot  valve  (as  to  which,  see 
Article  119,  page  123,  and  fig.  40,  page  140,  TJ,  V);  because  that 
valve  is  easily  moved. 

A  throttle  valve  to  be  controlled  by  hand  may  be  a  disc-and- 
pivot  valve,  or  an  ordinary  slide  valve  moved  by  a  screw  (Article 
120,  page  124),  or  a  rotating  slide  valve  (Article  120,  page  125),  or 
a  conic^  valve  moved  by  a  screw  (Article  121,  pages  125,  126). 
The  last  named  form  of  throttle  valve  is  now  much  used  in  locomo- 
tive engines,  and  will  be  illustrated  in  a  subsequent  Article. 

342.  coHicui  «■«!  D«nbie  Beat  Vairca.  —  In  Watfs  earlier 
engines,  conical  valves  with  vertical  spindles  (Article  112,  page 
1 18)  were  used  to  regulate  the  distribution  of  the  steam.  Now 
d<wble  beat  valves  (Article  116,  pages  121,  122,  figs.  33,  34)  are 
used  in  all  cases  in  which  the  slide  valve  is  not  employed. 

In  a  single  acting  engine,  there  are  three  such  valves,  viz^ : — 
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I.  The  steam  valve,  which  opens  at  the  beginning  of  the  forwaxxl 
stroke  to  admit  steam  to  drive  the  piston,  and  closes  \x>  cnU  off  the 
steam  at  the  proper  instant 

II.  The  equilibrium  valve,  which  is  closed  during  the  for'vftrcl 
stroke,  and  open  during  the  return  stroke,  the  expanded  steam 
being  then  transferred  through  it  from  the  one  end  of  the  cylinder 
to  the  other. 

III.  The  eduction  valve,  which  is  closed  during  the  return  stroke, 
and  open  during  the  forward  stroke,  to  let  the  steam  in  front  of 
the  piston  escape  to  the  condenser. 

In  a  double  acting  engine,  there  are  four  valves,  one  pair  for 
each  end  of  the  cylinder,  and  each  of  these  pairs  consists  of — 

I.  A  steam  valve,  opening  at  the  beginning  of  each  forward 
stroke,  and  closing  to  cut  off  the  steam  at  the  proper  instant 

II.  An  eduction  valve,  closed  during  the  forward  stroke,  and 
open  during  the  return  stroke,  to  let  the  steam  escape  to  the  con- 
denser. 

343.  pihc  wimd  wi4  Taypcto. — ^Themotionsofoonical  and  double 
beat  valves,  in  single  acting  engines,  and  in  some  double  acting 
engines  also,  are  produced  by  means  of  a  "plug  rod,"  which  hangs 
vertically  from  the  beam  of  the  engine,  near  the  cylLoder,  and  rises 
and  falls  vertically  along  with  the  piston.  From  its  sides,  suitably 
formed  pins  and  bars  project,  whose  positions  can  be  adjusted  by 
screws;  and  these  projecting  pieces,  striking  levers  at  certain 
instants  in  the  course  of  each  stroke,  produce  the  required  motion 
of  the  valves. 

In  single  acting  engines,  the  exhaust  valve  and  the  steam  valve 
are  not  opened  directly  by  the  action  of  the  plug  rod,  but  by  a 
piece  of  mechanism  called  the  "  cataract,"  of  the  nature  of  a  pump 
brake,  already  referred  to  in  Article  50,  page  58.  It  consists 
principally  of  a  small  loaded  piston,  moving  in  a  vertical  cylinder 
which  contains  water  or  oil.  At  the  end  of  the  forward  stroke  of 
the  engine,  a  pin  projecting  from  the  plug  rod  lifts  the  cataract 
piston.  That  piston,  on  being  set  free,  descends  with  a  speed  which 
is  determined  by  the  degree  of  opening  of  the  regulating  cock 
through  which  the  liquid  below  it  is  discharged ;  and  towards  the 
end  of  its  descent  it  acts  successively  upon  two  catches  which 
liberate  weights  that  in  their  descent  open  the  exhaust  valve  and 
the  steam  valve.  Thus,  by  varying  the  opening  of  the  regulating 
cock  of  the  cataract,  the  engine  can  be  caused  to  make  more  or 
fewer  strokes  per  minute. 

The  arrangement  of  the  valve  motions  of  single  acting  engines 
may  be  varied  in  its  detail.  One  of  its  forms  will  be  illustrated  in 
a  subsequent  Article. 

344.  Slide  Tmirtm,  on  account  of  the  simplicity  of  their  action, 
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and  smoothness  of  their  motion,  are  almost  nniversally  employed 
in  Europe  for  the  distribution  of  the  steam  in  double  acting  engines. 

The  seat  of  a  steam  engine  slide  valve  consists  usually  of  a  very 
accurate  plane  surface,  in  which  are  oblong  openings  or  ports. 
These  are  at  least  two  in  number;  one  communicating  with  each 
end  of  the  cylinder.  The  seat  of  the  short  slide  valve  has  a  third, 
or  eochaust  port,  between  the  first  two,  which  is  the  passage  for  the 
escape  of  the  exhaust  steam.  In  some  special  forms  of  engine 
the  ports  are  more  numerous  still. 

The  long  slide  valve,  or  D-slide,  represented  by  c  in  fig.  130,  and 
by  figs.  131,  132,  and  133,  might  also  be  classed  as  a  sort  of  hoUow 


Fig.  131. 


Fig.  132. 


Fig.  133. 


or  tubular  piston  valve;  for  the  back  of  the  valve,  which  is  semi- 
cylindrical,  is  made  to  move  steam-tight  at  its  top  and  bottom  in 
the  semi-cylindrical  valve  chest,  by  means  of  two  half-rings  of 
metallic  packing. 

Fig.  131  shows  a  vertical  section  of  the  valve,  separate  from  the 
valve  chest  and  cylinder,  c,  c,  are  the  two  portions  of  which  its 
plane  face  consists :  at  its  back  near  the  top  and  bottom  ai*e  seen 
sections  of  the  packing  half-rings.  The  valve  rod  is  shown  passing 
down  through  the  tubular  interior  of  the  valve,  and  attached  to  a 
cross  bar  at  the  bottom.  This  bar  is  fiat  and  thin,  and  placed  with 
its  breadth  vertical,  so  as  to  contract  as  little  as  possible  the  passage 
through  the  interior  of  the  valve.  Figs.  132  and  133  are  vertical 
sections  of  the  cylinder,  valve  chest,  and  valve.  The  steam  is 
admitted  through  the  steam  pipe  and  throttle  valve  to  the  middle 
part  of  the  valve  chest,  which  surrounds  the  tubular  part  of  the 
valve.  The  two  ends  of  the  valve  chest  communicate  with  the 
condenser,  the  lower  end  directly,  and  the  upper  end  through  the 
interior  of  the  tubular  part  of  the  valve. 


488 


STEAM  AND  OTHER  HEAT  EKOINES. 


In  fig.  133,  the  valve  is  in  its  highest  position :  the  middle  part 
of  the  valve  chest  communicates  with  the  top  of  the  cylinder, 
admitting  steam  to  drive  the  piston  downward;  the  bottom  of  the 
cylinder  communicates  with  the  bottom  of  the  valve  chest,  and  at 
with  the  condenser. 

In  fig.  132,  the  valve  is  in  its  loioest  position :  the  middle  part  of 
the  valve  chest  communicates  with  the  bottom  of  the  cylinder, 
admitting  steam  to  drive  the  piston  ttpward:  the  top  of  the 
cylinder  commimicates  with  the  top  of  the  valve  chest,  and  thence 
through  the  tubular  interior  of  the  valve,  with  the  condenser. 

The  short  dide  wdve  is  represented  iD 
figs.  134,  135, 136, 137,  and  138.   Fig. 

134  is  a  longitudinal  section  of  the 
valve  and  its  seat.  The  cylinder  is 
supposed  to  be  vertical :  d  is  the  slide 
valve;  a  the  upper  and  c  the  lower 
cylinder  port ;  b  the  exhaust  port, 
leading  sideways  to  the  condenser,  or 
to  the  air,  according  as  the  engine  is 
condensing  or  non- condensing.     Fig. 

135  is  a  front  view  of  the  valve  seat 
and  ports;  fig.  136,  the  face  of  the 
valve.  The  steam  is  admitted  from 
the  boiler  into  the  valve  chest,  round 
and  behind  the  valve.  In  fig.  134,  the 
valve  is  in  its  middle  position,  and 
both  the  cylinder  ports  are  closed.  In 
fig.  138,  the  valve  is  depressed  so  fiir 
below  its  middle  position  as  to  open 
the  upper  port  for  the  admission  of 
steam  above  the  piston ;  while  at  the 

same  time  the  lower  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  below 
the  piston  to  escape  as  the  piston  descends.  In  fig.  137,  the  valve 
is  raised  so  high  above  its  middle  position  as  to  open  the  lower 
port  for  the  admission  of  steam  below  the  piston;  while  at  the 
same  time  the  upper  port  is  connected  through  the  interior  of  the 
valve  with  the  exhaust  port,  so  as  to  allow  the  steam  from  above 
the  piston  to  escape  as  the  piston  rises. 

The  shortslide  valve  is  pressed  againstits  seat,and  the  joint  between 
it  and  its  seat  kept  steam-tight,  by  the  excess  of  the  pressure  of  the 
st^m  in  the  valve  chest  behind  the  valve,  which  comes  from  the 
boiler,  above  the  pressure  of  the  steam  in  the  interior  of  the  valve, 
which  communicates  with  the  condenser  or  with  the  atmosphere,  as 
the  case  may  be. 


Fig.  184. 
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In  large  engines,  the  amount  of  that  difference  of  pressure,  over 
the  whole  area  of  the  face  of  the  valve,  would  be  unnecessarily  great, 


Fig.  138.  Fig    137. 

causing  too  much  work  to  be  lost  in  overcoming  friction.  To 
diminish  its  amount  is  the  object  of  the  contrivance  called  the 
equilibrium  slide  valves  in  which  the  interior  of  the  back  of  the 
valve  chest  is  a  ti-ue  plane,  parallel  to  that  of  the  valve  seat;  and 
the  back  of  the  valve  is  provided  with  a  flat  brass  packing-ring, 
which  is  pressed  against  the  back  of  the  valve  chest  by  springs. 
The  amount  of  the  pressure  of  the  valve  against  its  seat  due  to 
the  pressure  of  the  steam  from  behind,  is  the  product  of  the  inten- 
sity of  that  pressure  into  the  excess  of  the  area  of  the  face  of 
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the  valve  above  the  area  of  the  packing-ring  at  ita  back,  and  may 
be  reduced  to  any  required  amount,  how  small  soever,  by  making 
that  ring  lai^e  enough. 

345.  Bcceniric*— It  is  obvious  that  to  produce  the  proper  distri- 
bution of  the  steam  hj  a  slide  valve,  whether  long  or  short,  the 
valve  must  have  a  reciprocating  motion  of  such  a  nature  as 
to  bring  it  to  the  ends  of  its  stroke,  being  its  gi'eatest  distances 
firom  its  middle  position,  at  periods  ihteimediate  between  those  at 
which  the  piston  reaches  the  ends  of  its  stroke.  The  eccentric  e 
(fig.  139),  which  is  used  to  give  that  motion,  is  a  circular  disc  car- 
ried by  the  shaft,  with  whose  axis  the  centre  of  the  disc  does  not 
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coincide.  It  is  equivalent  to  a  crank  whose  length  is  equal  to  the 
eccentric  radius;  that  is,  the  line  joining  the  centre  of  the  disc  and 
the  axis  of  the  shaft ;  and  being  encircled  with  a  hoop,  6,  at  one  end  of 
the  eccentric  rod,  a,  it  gives  to  that  rod  a  reciprocating  motion 
whose  length  of  stroke  is  the  double  of  the  eccentric  radius.  The 
eccentric  rod  is  either  directly  jointed  to  the  slide  valve  rod,  or  con- 
nected with  it  by  any  convenient  combination  of  levers  and  link- 
work.  One  such  arrangement  is  shown  in  figs.  137  and  138,  of 
Article  344,  where  c  is  the  piston  rod;  I,  the  connecting  rod;  k,  the 
crank;  m,  the  eccentric;  n,  the  eccentric  rod;  o,  p,  levers;  p  e,  & 
link ;  A,  the  slide  valve  rod. 

The  notch  opposite  the  letter  a,  in  fig.  139,  is  the  gab  of  the 
eccentric  rod,  by  which  it  holds  a  pin  on  the  end  of  the  lever  that 
is  directly  driven  by  it  (as  o,  figs.  137,  138).  By  means  of  a 
handle  on  the  end  of  the  eccentric  rod,  the  gab  and  pin  can  be  dis- 
engaged and  re-engaged,  so  as  to  throw  the  valve  motion  "ofU  of 
gearing''  and  '^into  gearing,"*  and  thus  make  the  slide  valve  stop  and 
resume  its  motion  when  required. 
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In  many  engines  a  different  contrivance  is  used,  called  the  "link 
motion,**  to  be  afterwards  described. 

346.  Rerening  hj  the  liOMe  Bcccntric^To  reverse  the  direction 
of  rotation  of  the  shaft  of  a  steam  engine,  the  piston  must  be  made 
to  come  to  rest  and  then  to  move  the  reverse  way,  before  complet- 
ing a  stroke,  and  the  eccentric  must  assume  that  position  relatively 
to  the  crank  which  is  proper  for  working  the  slide  valve  when  the 
rotation  of  the  shaft  is  reversed  That  position  (or  the  position  of 
backioard  gear)  is  somewhat  less  than  half  a  circumference  from  the 
position  of  fonoa/rd  gear,  measured  round  the  shaft  in  tJie  direction 
of  forvxwd  roUUioTh,  To  bring  the  eccentric,  therefore,  into  back- 
ward gear,  it  is  sufficient  to  cause  it  first  to  stand  still  while  the  shaft 
nearly  finishes  the  first  half-turn  backwards,  and  then  to  accom- 
pany the  shaft  in  its  rotation. 

In  most  stationary  engines,  and  many  marine  engines,  those 
objects  are  effected  by  having  the  eccentric  loose  on  the  shaft,  and 
so  counterpoised,  that  its  centre  of  gravity  shall  be  in  the  axis  of 
the  shaft;  but  prevented  from  turning  completely  round  by  means 
of  two  shoulders,  one  of  which  holds  it  in  the  position  of  forward 
gear,  and  the  other  in  that  of  backward  gear;  care  being  taken  that 
the  motion  of  the  loose  eccentric  round  the  shaft  shall  be  fonvards 
to  go  from  forward  into  backwainl  gear,  and  backimrds  to  go  from 
backward  into  forward  gear. 

To  reverse  an  engine  with  a  loose  eccentric,  the  gab  is  to  be  dis> 
engaged  from  its  pin  and  the  slide  valve  shifted  by  hand  if  neces- 
sary. When  the  shaft  has  made  part  of  a  turn  backwards  the  gab 
is  to  be  re-engaged. 

For  example,  in  fig.  137,  the  piston  is  rising,  and  the  shaft 
turning  toward  the  right.  To  reverse  that  rotation  the  gab  is  dis- 
engaged, and  the  slide  valve  shifted  into  the  position  shown  in 
fig.  138;  so  th{Lt  steam  from  the  boiler  being  admitted  to  press  on 
the  top  of  the  piston,  brings  it  to  rest  before  it  has  completed  its 
up  stroke,  and  then  drives  it  downwards,  so  as  to  make  the  shaft 
rotate  towards  the  left.  During  the  left-handed  rotation  the  eccen- 
tric stands  still  until  it  is  in  the  position  of  backward  gear :  then 
the  gab  is  re-engaged  with  its  pin,  the  slide  valve  resumes  its 
motion,  and  the  left-handed  rotation  goes  on  till  the  engine  i» 
stopped,  or  reversed  again  by  the  same  process. 

According  to  a  mode  of  reversing  by  the  loose  eccentric,  used  by 
Messrs.  Randolph,  Elder,  &  Co.,  the  eccentric,  instead  of  standing 
still  till  the  engine  has  turned  back,  is  made  by  a  combination  of 
wheelwork,  to  overtake  or  outrun  the  shaft  while  the  engine  i» 
moving  forward,  until  it  reaches  the  position  of  reverse  gearing;, 
and  the  reversal  of  the  motion  of  the  engine  follows. 

347.  I^ead  And  I«ap— Kxpaul^n  hy  the  Slide  VaIt«»— The  lead  of 
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the  centre  of  </m  slide  is  the  distance  to  which  it  has  paased  beyond 
the  middle  of  its  stroke  at  the  instant  when  the  piston  arrives  at 
either  end  of  its  stroke. 

The  lead  of  the  induetion-edffe  of  the  slide  is  the  extent  to  which 
the  port  is  open  for  admission  of  steam  at  the  same  instant 

The  amount  of  the  lead  of  the  centre  of  the  slide  maj  be 
measured  and  expressed  in  thi-ee  ways,  viz. ; — 

I.  In  absolute  measure,  such  as  inchea 

II.  By  the  proportion  of  the  absolute  lead  to  the  half-throw  of 
the  slide  valve.     This  may  be  called  the  raJtio  ofUad, 

III.  By  the  angle  at  which  the  eccentric  radius  stands  in  advance 
of  the  position  which  it  would  require  to  have  relatively  to  the 
crank,  in  order  to  make  the  middle  position  of  the  side  valve  occur 
at  the  same  instant  with  the  end  of  the  piston  stroke.  This  may 
be  called  the  angle  of  had. 

When  a  loose  eccentric  has  no  lead,  its  positions  of  forward  and 
backward  geai*  are  half  a  circumference  a])art  When  it  has  lead, 
the  angle  between  those  positions  is  half  a  circumference  less  twice 
the  angle  of  lead 

If  the  eccentric  rod  is  so  long  relatively  to  the  eccentric 
radius,  that  the  effect  of  its  varying  obliquities  on  tlie  positions  of 
the  points  it  connects  may  be  neglected  in  practice,  the  following 
equation  is  sensibly  accurate: — 

Ratio  qflead  qf  centre  =:  sine  of  angle  of  lead; (1.) 

and  in  other  cases  the  same  equation  always  gives  at  least  an 
apj)i-oximation  to  the  truth. 

The  angle  of  lead  may  be  stated  either  in  degrees,  or  as  a  frac- 
tion of  a  revolution. 

The  lapf  or  cover,  of  a  slide  valve  at  one  of  its  edges  is  the  extent 
to  which  that  edge  overlaps  the  adjoining  edge  of  the  port  which 
it  covers  when  the  slide  valve  is  in  its  middle  position.     In  ^g. 
134  of  Article  344,  the  slide  valve  has  a  very  small  and  nearly 
equal  extent  of  lap  at  each  of  its  four  edges. 
Fig.  140  is  a  section  of  the  lower  half  of  a  verti- 
cal slide  valve  and  its  port  having  a  greater  extent 
of  lap ;  W  is  the  lower  port  of  a  cylinder;  X,  the 
lower  half  of  the  slide  valve,  in  its  middle  posi- 
tion ;  U  is  the  induction  side,  and  Y  the  edue- 
tion  side  of  the  port;  C  is  the  induction  edge,  and 
Fig.  140.  p  the  eduction  edge  of  the  valve;  tfC  is  the  ^ 

9n  the  induction  side,  and  VTthe  lap  on  the  eduction  side. 
Lead  ofths  induction-edge  of  the  val  ve  =:  lead  of  centre  -  lap ;  (1  a.) 
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and  this  is  what  is  meant  when  "lead"  is  spoken  of  without  quali- 
fication. 

The  lap,  like  the  lead,  may  be  expressed  in  three  ways,  viz. : — 

I.  In  absolute  measure,  as  inches. 

II.  By  its  proportion  to  the  half-throw  of  the  slide  valve,  which 
may  be  caUed  the  ratio  of  lap. 

III.  By  the  angle  through  which  the  eccentric  must  turn,  in 
order  to  shift  the  valve  from  its  middle  position  until  the  edge  of 
the  valve  whose  lap.  is  considered  touches  the  edge  of  the  port — 
this  may  be  called  the  angle  of  lap. 

When  the  obliquity  of  the  eccentric  rod  may  be  neglected,  we 
have,  sensibly, 


ratio  of  lap  =  sine  of  arigle  of  lap. 


.(2.) 


The  use  of  the  lead  and  lap  of  the  slide  valve  is  to  admit  the 
steam,  cut  off  the  admission,  and  cut  off  the  exhaust,  at  given 
instants  of  the  stroke  of  the  piston,  and  so  to  produce  expansive 
working  with  a  given  ratio  of  expansion,  and  to  compress  or 
cushion  a  given  proportion  of  the  expanded  steam  at  the  end  of  the 
return  stroke. 

WJien  the  obliquity  of  the  connecting  rod,  as  well  as  that  of  the 
eccentric  rod,  may  be  neglected,  the  foUowing  are  methods  by  which 
the  proper  lead  and  lap  of  the  slide  valve  in  any  case  may  be 
determined : — 

FiRsrr  Method  : — By  graphic  construction.  About  a  centre  O 
describe  a  circle  D  E  F  I,  and  draw  two 
diameters  at  right  angles  to  each  other, 
DTF,  EI.  Consider  DF  as  represent- 
ing the  stroke  of  the  piston;  and  Kl 
(though  on  a  different  scale),  the  throw 
of  the  slide  valve ;  and  let  motion  of  the 
piston  from  D  to  F  be  considered  as  a 
forward  stroke. 

It  is  sometimes  considered  desirable 
to  begin  the  admission  of  steam  a  little 
before  the  end  of  the  return  stroke.  If 
so,  let  Q  represent  the  point  of  the 
return  stroke  where  the  admission  is  to  begin.  If  the  admission 
and  the  forward  stroke  are  to  begin  together,  Q  will  coincide 
withD. 

Let  R  be  the  point  of  the  forward  stroke  where  the  steam  is  to  be 
cuiqf. 

Let  T  be  the  point  of  the  retui-n  stroke  where  compression  or 
cushioning  is  to  hegm,  by  cutting  off  the  exhaust     As  to  the  prin- 
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ciples  which  determine  that  point,  see  Article  291,  Division  III., 
page  420.  These  being  the  data,  the  solution  consists  of  two  part?, 
as  follows : — 

I.  To  find  the  angle  o/lead,  and  the  lap  an  the  induction  side: — 
Draw  Q  A,  R  G,  perpendicular  to  D  F,  cutting  the  circle  in  A,  G; 
measure  or  bisect  the  arc  A  G;  from  E  lay  off  the  equal  arcs  E  B, 

EH,  each  =  ?££^.  join  B  H,  which  will  be  paraUel  to  D  F, 
Then 


Theangleoflead  =  .«s::AOB  =  .«s::GOH; (3.) 

Lap  on  the  induction  side  _  ^  ^ 

half-throw  tTE 


(4.) 


II.  To  find  the  lapontlie  edtictian  aide  amd  the  point  ofrdeaee:— 
Draw  T  M  perpendicular  to  D  F,  cutting  the  circle  in  M,  from 
which  lay  off  the  arc  M  N  =  arc  A  B.  Draw  N  L  parallel  to  D  F, 
cutting  O  I  in  P;  then 

Lap  on  the  eduction  side  _  9.  ^ f5  \ 

half-throw  OE 

from  L  lay  off  the  arc  L  K  =  arc  A  B,  and  from  K  let  fall  K  S 
perpendicular  to  D  F;  then  will  S  represent  the  point  ofrdease 
during  the  forward  stroke  of  the  piston,  where  the  valve  begins  to 
open  on  the  eduction  side.  As  to  the  effect  of  release,  see  Article 
291,  Division  IV.,  page  421. 

Second  Method: — By  trigonometrical  calculation. 

Data: —  Advance  of  admission  _  ^Q  =.  i . 

Stroke  of  piston         DF     9* 

DR     1. 
Ratio  of  actual  cut-off  =  ^^  -  P' 

Ratio  of  cushioninir  = =  ji 

^      DF    •^ 

Half-throw  of  slide  valve,  O  E. 

Rebuia!B:<— 

Let  angle  of  lead  =  a; 


(6.) 
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angle  of  lap  on  induction  side,  =  b'; 
angle  of  lap  on  eduction  side,  =  b" ;  then 

a  —  6'  =  co8  ~  '  f  1  —  -j;  a +  6'  =  cos~*  f  -^  — 1  j; 

a  +  6"  =  cos  ~  *  (1  —  —  j ; 

in  computing  which  three  arcs,  it  is  to  be  remembered  that  a  negor 
tive  cosine  corresponds  to  an  obtuse  angle.  This  being  done,  we 
have — 

a  =  (»  +  ^^  +  <— ^');6'  =  <"  +  ^')-^°-^V'=(a+6")-a;(7.) 

and  also, 

lap  on  induction  side,  O  C  =  O  E  •  sin  6'; )  ^g  v 

lap  on  eduction  side,  O  P  =  OE  •sin6";  J  ' 

Fraction  of  stroke  at  which  release  occurs. 


DS     1+cos  (a  —  b") 
DF"  2 


.(9.) 


When  it  is  necessary  to  take  into  account  the  obliquity  of  the  con- 
necting rod  amd  of  the  eccentric  rod,  use  one  or  other  of  the  foregoing 
approximate  methods  to  find  the  angle  of  lead.  Then  make  an 
accurate  skeleton  drawing,  on  a  sufficiently  large  scale,  showing,  in 
the  first  place,  the  crank  in  a  series  of  equidistant  angular  positions 
The  lead  being  known,  will  enable  the  corresponding  positions  of  the 
eccentric  radius  to  be  laid  down.  Draw  the  centre  line  of  the  pis- 
ton rod,  and  that  of  the  slide  valve  rod,  upon  which,  by  means  of 
the  known  lengths  of  the  connecting  rod,  eccentric  rod,  and  other 
intermediate  pieces  of  the  mechanism,  lay  down  the  positions  of  the 
piston,  and  of  the  slide  valve  corresponding  to  the  given  series  of 
positions  of  the  crank  and  eccentria  The  number  of  positions  em- 
ployed is  usually  fix)m  twelve  to  twenty-four,  and  they  are  num- 
bered on  the  di-awing  in  their  order  of  succession. 

Then  draw  to  the  same  scale  a  diagram  in  the  following  manner  (fig. 
142): — Draw  a  pair  of  rectangular  axes  D  F,  EI,  bisecting  each 
other  in  O.  Make  OD  =  0  F  =  the  half  stroke  of  the  piston,  and 
OE  =  OT=the  half-throw  of  the  slide  valve.  On  D  F,  which 
represents  the  stroke  of  the  piston,  mark  points  corresponding  to  the 
series  of  successive  positions  of  the  piaton  found  by  means  of  the 

2  k 
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skeleton  drawing ;  and  from  those  points  lay  off  ordinates  parallel 
to  £  I^  upwards  or  downwards  as  tlie  case  may  be  (sach  as  A  Q, 


Fig.  142. 

T  M,  &c.),  representing  the  corresponding  successiye  distances  of  the 
slide  valve  ^m  its  middle  position,  as  ^own  by  the  skeleton  draw- 
ing. Through  the  ends  of  these  ordinates  sketch  a  cuive  M  A  G  K, 
which  will  be  an  oval,  approaching  more  or  less  nearly  to  an  elliptic 
figure,  inscribed  in  the  rectangle  whose  axes  are  D  F,  £  L 

Then  mark  the  required  points  of  cut-off  R,  and  commencement 
of  cushioning  T;  draw  the  ordinates  RG,  T  M,  perpendicular  to 
D  F,  cutting  the  oval  in  G,  M.     Then 

The  required  lap  on  the  induction  side  =  R  G  ;  | 

/  •••(10  ) 

„  „         eduction  side    =  T  M.  j 

Further,  draw  G  A  and  M  K  parallel  to  D  F,  cutting  the  oval  in 
A  and  K,  from  which  points  let  fall  on  I)  F  the  perpendiculars 
A  Q,  K  S.  Then  will  Q  be  the  point  of  the  stroke  at  which  the 
admission  begins,  and  S  the  point  of  release.  (See  Clark  On  Rail- 
way Machinery;  Zeuner's  Schiebersteuerungen;  Rankine's  Rules 
and  Tables,  page  298;  Rankine  On  Shipbuilding,  page  281.) 

Sometimes  in  the  vertical  cylinders  of  marine  engines,  the  lap  of 
the  slide  valve  on  the  induction  side  is  made  less  for  the  lower 
than  for  the  upper  port  The  effect  of  this  is  to  cut  off  the  steam 
later,  and  to  have  a  less  ratio  of  expansion,  and  a  greater  mean 
effective  pressure,  during  the  up  stroke  than  during  the  down 
stroke.  The  object  is  to  equalize  the  energy  exerted  on  the  crank 
during  the  up  and  down  strokes;  and  to  attain  that  object  per- 
fectly, the  difference  of  the  mean  effective  pressures,  multiplied  by 
the  area  of  the  piston,  should  be  equal  to  twice  the  weight  of  the 
piston,  piston  nxl,  and  connecting  rod,  which  weight  assLsts  the 
down  stroke,  and  opposes  the  up  stroke. 

348.  The  i<ink  i?i«ti*«,  which  was  first  used  in  the  locomotive 
engines  of  Mr.  Robert  Stephenson,  is  an  arrangement  of  slide  valve 
gear  for  reversing  engines,  and  varying  the  rate  of  expansion  at 
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will.  Its  general  arrangemeDt  is  represented  in  the  sketch,  fig. 
143.  In  subsequent  figures  it  will  be  shown  in  its  place  in  loco- 
in  otive  and  marine  engines. 

F   18  the  foTUXJvrd  eccentric, 
and   F  the  backward  eccentric, 
being  a  pair  of  eccentrics  ficed 
on   the  shaft  in  the  position 
suitable  for  working  Uie  slide 
valve  during  forward  and  back- 
ward motion  of  the  engine  re- 
spectively.   The  angle  between  pi^^  ^^^ 
the  two  eccentric  radii  is  the 
supplement  of  twice  the  angle  of  lead,     G'  is  the  forward  eccentric 
rod;  6  the  backward  eccentric  rod.     The  ends  of  those  rods  are 
jointed  to  the  two  ends  of  a  piece  b  b\  called  the  link,  containing  a 
slot,  in  which  a  stud  or  slider,  on  the  end  of  the  slide  valve  rod  a, 
is  capable  of  shifting  into  difierent  positions;  eg  laB,  rod  by  which 
the  link  hangs.     In  some  cases  the  centre  e  is  fixed,  and  the  valve 
rod  is  jointed,  so  that  the  slider  on  it^s  end  can  be  moved  to  different 
positions  in  the  link;  and  then  the  figure  of  the  link  is  an  arc  of  a 
circle,  whose  radius  is  the  length  of  the  shifting  portion  of  the 
valve  rod.     In  other  cases  (of  which  the  figure  is  an  example),  the 
centre  e  is  capable  of  being  shifted,  so  as  to  move  the  link  into 
<lifferent  positions  while  the  valve  rod  is  at  rest  laterally;  and  then 
the  figure  of  the  link  is  an  arc  of  a  circle  whose  radius  is  equal  to  the 
effective  length  of  each  eccentric  rod.     In  Mr.  Allan's  form  of  the 
link  motion,  half  of  the  shifting  is  produced  by  moving  the  link  in 
one  direction,  and  the  other  half  by  moving  the  stud  of  the  valve 
rod  in  the  opposite  direction;  and  in  that  form  the  link  is  straight. 
The  link  motion  is  very  much  varied  in  its  details  by  different 
locomotive  and  marine  engineers. 

In  the  figure,  the  link  hangs  by  the  rod  eg  from  one  aim  of  the 
lever  edn,  balanced  by  a  counterpoise  on  the  opposite  arm.  dc'\^ 
a  transverse  arm,  connected  by  a  rod  c/with  the  reversirig  fumdle 
of  the  engine,  which  acts  by  moans  of  a  lever,  or  of  a  screw. 

In  the  figure,  the  motion  of  the  slide  valve  is  produced  by  the 
action  of  the  forward  eccentric  alone,  and  the  engine  is  said  to  be 
in  JtUl  forward  gear.  The  steam  is  cut  off  at  a  point  depending 
on  the  lap,  the  lead  of  the  forward  eccentric,  and  a  throw  equal 
to  twice  the  eccentric  radius. 

When  the  link  is  shifted  so  that  the  stud  of  the  valve  rod  is  at 
the  opposite  end  b  of  the  link,  the  motion  of  the  valve  is  produced 
by  the  action  of  the  backward  eccentric  alone,  and  the  engine  is 
said  to  be  in  fvU  backward  gear.  The  steam  is  cut  off  at  a  point 
dec^nding  on  the  lap,  lead,  and  throw,  as  before. 
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For  any  intermediate  relative  position  of  the  link  and  stnd,  the 
motion  of  the  slide  valve  is  produced  by  the  joint  action  of  the 
forward  and  backward  eccentrics,  according  to  a  law  which  may  be 
approximately  represented  as  follows  : — at  any  given  instant,  let  t/ 
be  the  velocity  which  the  valve  would  receive  if  in  full  forward 
gearing,  if  the  velocity  which  it  would  receive  if  in  full  backward 
gearing ;  and  let  velocities  in  contrary  directions  be  distingoished 
as  positive  and  negative;  also  let  V  be  the  distance  of  the  stud 
from  the  forward  end,  and  T  its  distance  from  the  backward  end 
of  the  link;  then  the  actual  velocity  of  the  valve  at  the  given 
instant  is 

-=-r+r- ^^•> 

To  find  exactly  the  motions  of  the  slide  valve  produced  by 
different  relative  positions  of  the  link  and  stud,  a  skeleton 
drawing  of  the  mechanism  is  to  be  made  on  a  sufficiently  large 
scale,  as  in  the  process  described  in  the  last  Article.  (See 
authorities  there  cited;  also  Bankine  on  Mcbchiiieryy  page 
253.) 

A  useful  approximcUion  to  the  motions  of  the  valve 
when  the  stud  is  in  any  given  position  relatively  to  the 
link,  is  as  follows : — Let  O  represent  the  centre  of  the 
shait,  O  F  the  forward  eccentric  radius,  O  B  the  back- 
ward eccentric  radius;  and  let  LO  be  a  straight  line 
parallel  to  F  B.  In  full  forward  gearing,  the  1ialf4hrow 
is  O  F,  and  the  angle  of  lead  ..^  L  O  F;  and  on  these 
and  the  lap  the  distribution  of  the  steam  depend?. 
Connect  the  points  F  and  B  by  a  circular  arc  of 
,,  ,.        F  B  X  lenirth  of  eccentric  rod 

the  radjus,  ^ y — zn — ^i-  ^ >    and   con- 

j^g^  144,  2  X  length  of  link 

vex  or  concave  towards  O,  according  as  the  rods  are 
crossed  or  uncrossed  when  the  two  eccentrics  are  turned  towaHs 
the  link;  and  make  the  end  S  of  the  virtual  eccentric  radius 
divide  that  ai*c  in  the  same  ratio  in  which  the  slider  divides 
the  link.  Then  the  motion  of  the  slide-valve  will  be  nearly 
that  coiTespondiiig  to  an  eccentiic  I'adius  O  S;  that  is,  to  the 
half-travel  O  S  and  angle  of  lead  ..^  L  O  S.  This  construc- 
tion appears  to  have  been  first  published  by  Mr.  M'Farlaue 
Gray  in  his  Geometry  of  the  Slide-Valve  A  nearly  similar 
construction,  with  a  parabolic  instead  of  a  circular  arc,  is  demon- 
strated in  Dr.  Zeuner's  Schiebersteuerungen,     (See  p.  669.) 

349.  Expanston  Vaire  with  Gams. — A  separate  expansion  valve 
is  often  used,  especially  in  large  marine  engines,  consisting  of  a 
double-beat  valve  (Article  116,  page  121),  whose  spindle  is  bung 
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fix>iii  one  arm  of  a  lever.  Another  arm  of  the  lever  has  a  roller  at 
its  end,  upon  which  a  suitably  shaped  cam,  turning  with  the  engine 
shaft,  acts  so  as  to  lift  the  valve  twice  in  each  revolution,  hold  it 
open  during  the  proper  period  for  the  admission  of  the  steam,  and 
tlien  let  it  dose.  A  series  of  such  cams,  suited  to  produce  different 
rates  of  expansion,  are  fixed  side  by  side  on  the  shaft,  and  the 
lever  arm  which  carries  the  roller  is  so  made  that  it  can  be  shifted 
sideways,  and  brought  into  gearing  with  that  cam  which  produces 
the  proper  rate  of  expansion.  In  some  cases  the  rate  of  expansion 
is  adjusted  by  a  single  cam,  shifting  endways  along  a  screw-shaped 
|>art  of  the  shaft  imder  the  action  of  the  governor. 

350.  Expanaion  Slide  Taive. — A  separate  slide  valve 
is  sometimes  used  to  cut  off  the  steam  at  an  early  period 
of  the  stroke,  worked  by  an  eccentric  wUhovZ  lead.,  so 
that  this  expansion  slide  valve  is  always  at  its  middle 
position  when  the  piston  is  at  either  end  of  its  stroke. 
A  longitudinal  section  of  part  of  such  a  valve  is  shown 
in  fig.  145.  A,  A,  are  oblong  ports  in  the  plate  which 
forms  the  valve  seat,  and  which  is  usually  the  back  of 
the  valve  chest  of  the  ordinary  slide  valve.  B,  B,  are 
oblong  ports  of  the  same  size  and  figure  with  A  A,  in  the 
sliding  plate  which  forms  the  valve.  The  valve  might  pj  j^. 
be  made  with  only  a  single  opening  B,  corresponding  to 
a  single  port  A;  but  to  give  ample  area  for  the  passage  of  the 
steam,  there  are  usually  several  such  openings  and  ports;  whence 
the  valve  is  called  a  "  gridiron  vcUve."  When  the  valve  is  in  its 
middle  position  (and  die  piston  at  one  end  of  its  stroke),  the 
openings  B  are  exactly  opposite  to  the  ports  A,  which  are  then 
*^full  (ypenr  So  soon  as  the  valve  has  moved  in  either  direction  to 
a  distance  from  its  middle  position  equal  to  the  breadth  of  one  of 
its  openings,  the  ports  are  all  closed,  and  the  steam  cut  off. 

This  vfidve  is  suited  for  cutting  off  the  steam  at  a  very  early 
period  of  the  stroke  only.  The  point  of  cut-off  being  given,  the 
following  are  the  processes  for  finding  the  requisite  jproportion  of 
breadth  of  openings  to  hxdf-Uvrow, 

First  Method: — By  graphic  construction  (fig. 
146],  About  a  centre  O,  describe  a  quadi-ant  of  a 
circle  D  E;  and  let  the  radius  O  D  represent  the 
hodf-stroke  of  the  piston.  Draw  the  radius  O  G  to 
represent  the  position  of  the  crank  at  which  the 
steam  is  to  be  cut  off.  From  G  draw  G  R  perpen- 
dicular to  D  O.     Then  Fig.  146. 

Breadth  of  openings     BG         q  \ 

Half-tlirow  of  valve ""  OE 
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Second  Method:— By  calculation.     Let  ratio  of  actual  cut-off 

BT^     1 

-■p==  5=  -r;  then,  if  the  connectin^rodislougcompared  with  the  crank. 

Breadth  of  openings      ./K      /,      2y ) 
Half-throw  of  valve  "V     (^"V"W    )  ^"^"^ 

A  peculiarity  of  this  valve  is  that  it  reojyens  its  ports  at  a  point  of 
the  piston  stroke  as  far  distant  from  the  end  as  R  is  from  the 
beginning;  therefore  it  cannot  be  used  except  in  combination  witli 
a  common  slide  valve,  so  adjusted  as  to  cut  off  the  steam  before 
the  reopening  of  the  ports  of  the  gridiron  expansion  valve.  For 
example,  if  the  expansion  valve  cuts  off  at  0*2  of  the  stroke,  the 
common  slide  valve  must  cut  off  at  or  before  0*8  of  the  stroke. 

The  rate  of  expansion  may  be  varied  by  varying  the  throw  of 
the  expansion  valve.  In  some  engines,  the  seat  of  the  expansion 
slide  valve  is  formed  by  the  back  of  the  ordinary  slide  valve, 
which,  instead  of  admitting  the  steam  past  its  outer  edges,  has 
ports  through  it  like  the  openings  in  a  gridiron  valve,  and  the 
expansion  dide  valve  is  worked  by  an  independent  eccentric,  so  as 
to  close  those  ports  at  the  proper  instants.     (See  page  550.) 

The  **  gridiron"  form  is  sometimes  adaptea  to  the  ordinary  slide 
valve  in  very  large  engines — ^that  is  to  say,  each  end  of  the  cylinder 
has  two,  parallel  ports,  and  the  valve  is  formed  so  as  to  connect  the 
two  ports  belonging  to  one  end  of  the  cylinder  at  the  same  time, 
with  the  valve  chest  and  the  eduction  port  alternately. 

351.  Doable  Beat  Valve*  IVarked  hj  Kcceairica.«^In  the  engines 
of  American  steamers  double  beat  valves  are  extensively  used,  dnven 
by  means  of  eccentrics.  There  are  usually  separate  eccentrics  for 
the  induction  and  eduction  valves.  Each  eccentric,  through  a  rod 
and  lever,  causes  a  rocking  shaft  to  vibrate  to  and  fro;  the  rocking 
shaft  carries  cams,  which,  by  acting  on  bars  and  levers,  lift  and 
lower  the  valves  at  the  proper  times.  Each  cam  is  so  shaped  as  to 
give  a  very  gentle  motion  to  the  valve  when  it  is  nearly  in  contact 
with  its  seat,  and  a  rapid  motion  during  other  parts  of  its  stroke,  so 
that  the  port  is  opened  and  closed  quickly,  and  at  the  same  time 
without  shock.     (Corliss  Valves ;  see  page  550.) 

Section  3. — 0/ Cylinders  and  FisUms. 

352.  CMBaiaa  Cyifadcn. — Cylinders  are  made  of  the  tou^est  c&st 
iron  that  can  be  obtained.  The  thickness  required  for  the  sake  of 
mere  tenacity,  to  resist  the  internal  pressure,  might  be  calculated 
fram  the  principles  stated  in  Article  62,  pages  67,  68,  allowing  six 
as  a  factor  of  safety;  but  in  order  that  the  cylinder  may  posses* 
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'that  stiffiiess  which  is  necessary  to  enable  it  to  preserve  its  figui-e 
-with  great  accuracy,  it  must  be  made  many  times  thicker  than  is 
necessary  for  mere  strength.  The  actual  factors  of  safety  of  the 
cylinders  of  steam  engines,  as  they  occur  in  practice,  range  from  30 
to  40. 

The  bottom  of  a  cylinder  is  sometimes  cast  in  one  piece  with  it, 
sometimes  bolted  on.  The  cylinder  cover  is  bolted  on.  Care  must 
be  taken  that  the  bolts  have  sufficient  strength  to  withstand  the 
pressure.  The  bottoms  and  covers  of  laige  cylinders  are  often  made 
of  the  form  of  a  segment  of  a  sphere  of  lai'ge  radius — in  which  case 
the  two  sides  of  the  piston  are  made  of  the  same  figure,  in  order 
that  space  may  not  be  lost  in  clearance. 

The  effect  of  the  jacket  has  already  been  fully  considered.  The 
jacket  ought  to  envelop  not  merely  the  body  of  the  cylinder,  but 
at  least  one  end  also,  and,  if  possible,  both  ends.  Whether  the 
cylinder  is  jacketed  or  not,  it  should  always  be  clothed  (Article  337, 
Division  IX.)    (See  page  396.) 

353.  In  ]»OTibie  Cjitedcr  Bnginea,  the  attempt  should  be  made  so 
to  proportion  the  cylinders  to  each  other,  that  the  steam  shall  per- 
form half  its  work  in  the  small  cylinder  and  half  in  the  large.  In 
most  actual  engines  two-thirds  of  the  work  are  performed  in  the 
small  cylinder.  The  following  are  some  of  the  arrangements  of 
double  cylinder  engines     (see  A  pi )en d ix ) : — 

L  The  earliest  arrangement  of  double  cylinders  was  WoolTs,  in 
which  the  smaller  or  high  pressure  cylinder,  and  the  larger  or  low 
pressure  cylinder  stand  side  by  side  under  the  same  end  of  a  beam, 
and  their  pistons  move  in  the  same  direction  at  the  same  time.  In 
this  arrangement  the  steam  passes  from  either  end  of  the  small 
cylinder  to  the  opposite  end  of  the  large  cylinder. 

II.  In  Mr.  M'Naught's  engine  the  cylinders  are  under  opposite 
ends  of  a  beam,  their  pistons  move  opposite  ways,  and  the  steam 
passes  from  either  end  of  the  small  cylinder  to  the  nearest  end  of 
the  large  cylinder. 

IIL  In  Mr.  Elder's  marine  engine  the  large  and  small  cylinders 
lie  tdde  by  side  in  close  contact,  sloping  at  an  angle  of  45°;  their 
pistons  move  opposite  ways  at  the  same  time,  and  drive  cranks 
which  project  in  opposite  directions  from  the  shafb,  with  a  view  to  the 
reduction  of  the  pressures  on  the  bearings  of  the  shafb,  and  the  con- 
sequent friction,  to  the  smallest  amount  possible  with  two  cylin- 
der&  A  similar  pair  of  cylinders,  sloping  the  opposite  way  at  the 
same  angle,  act  on  the  same  pair  of  cranks. 

lY.  £i  Mr.  Craddock's  engine  the  large  and  small  cylinders  are 
side  by  side,  and  their  pistons  move  for  the  greater  part  of  their 
course  in  opposite  directions,  and  drive  a  pair  of  neoffly  opposite 
cranks.     In  order  to  facilitate  the  passing  of  the  dead  points  with 
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only  one  pair  of  cylinders,  the  stroke  of  the  small  cylinder  is  made 
somewhat  in  advwnce  of  that  of  the  large  cylinder;  the  effect  of 
which  is  that  the  steam,  afber  having  been  expanded  until  it  fills 
the  small  cylinder,  is  not  immediately  admitted  into  the  lai^e 
cylinder,  but  is  first  re-compressed  to  a  certain  extent  in  the  small 
cylinder,  and  then  admitted  into  the  large  cylinder  to  expand. 
The  ultimate  expansion  is  exactly  the  same  as  if  the  strokes  of  the 
cylinders  were  simultaneous,  and  so  also  is  the  efficiency,  provided  no 
waste  of  heat  by  conduction  takes  place  during  the  temporary  com- 
pression of  the  steam.  Mr.  Craddock  proposes  to  carry  the  advance 
of  the  stroke  of  the  small  piston,  in  some  cases,  as  far  as  a  quarter 
of  a  revolution ;  but  it  appears  from  experiment  that  a  less  angle  of 
advance,  such  as  one-sixth  or  one-twelfth  of  a  revolution,  is  sufficient 
to  enable  the  dead  points  to  be  easily  passed ;  and  it  is  not  desirable 
'  to  carry  the  advance  beyond  what  is  necessary  for  that  purpose, 
because  of  the  derangement  which  it  produces  in  the  action  of  the 
steam  when  the  motion  of  the  engine  is  reversed.     (See  page  559.) 

354.  The  C*Bcciilri€  •r  Duplex  Cylinder  of  Mr.  David  Rowan, 
consists  of  a  smaller  cylinder,  into  which  the  steam  is  first 
admitted  and  begins  its  expansion,  contained  within  and  concen- 
tric with  a  large  cylinder,  in  which  the  expansion  is  continued, 
and  is  equivalent  to  the  two  cylinders  of  a  double  cylinder  engine: 
The  inner  piston  is  of  the  common  shape  j  the  outer  is  ring-shaped, 
and  has  packing  not  only  on  its  outer  surface,  but  also  on  its  inner 
surface,  which  slides  on  the  outside  of  the  inner  cylinder.  The  one 
piston  rod  of  the  inner  piston,  and  the  two  piston  rods  of  the  outer 
piston  are  fixed  to  one  cross-head,  so  that  the  two  pistons  move 
together,  and  the  steam  has  to  pass  from  either  end  of  the  inner 
cylinder  to  the  opposite  end  of  the  outer  cylinder.  The  steam  is 
superheated  sufficiently  to  prevent  condensation  to  an  injurious 
extent  in  either  cylinder. 

355.  Treble  Cylinder  Bngtece  differ  irom  double  cylinder  engines 
merely  in  having  a  pair  of  large  cylinders  for  the  continuation  of 
the  expansion,  one  at  each  side  of  the  small  cylinder,  instead  of  one 
lai-ge  cylinder.    (See  Appendix.) 

In  Mr.  Elder*s  treble  cylinder  engine  the  piston  of  the  central 
small  cylinder  drives  one  crank,  and  those  of  the  two  lateral  large 
cylinders  drive  a  pair  of  cranks  pointing  the  opposite  way  to  t£e 
middle  crank.  If  half  the  work  is  performed  in  the  middle  cylin- 
der, and  the  other  half  divided  equally  between  the  lateral  cylinden, 
there  is  an  exact  balance  of  pressures  on  the  shaft,  and  the  frictioii 
of  its  bearings  is  simply  that  due  to  the  weight  resting  on  them. 

In  Mr.  J.  M.  Rowan's  treble  cylinder  engine  the  rods  of  the  small 
middle  piston,  and  of  the  two  lai^  lateral  pistons,  are  all  attached 
to  one  cross-head,  so  that  the  three  pistons  move  together.     The 
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arrangement  is  compact,  and  convenient  for  oscillating  engines,  to 
'which  it  is  applied. 

356.  End  im  Knd  D«aMe  Crllader  Kngine. — In  this  engine  (Mr. 
Sim's)  the  steam  begins  its  action  in  one  end  of  a  small  cylinder, 
and  completes  it  in  the  opposite  end  of  a  large  cylinder;  the  two 
cylinders  are  placed  end  to  end,  and  their  pistons  are  attached  to 
one  rod.  The  space  between  the  two  pistons  communicates  with 
the  condenser,  and  is  a  pai-tial  vacuum  at  all  times. 

357.  DonMe  Ptoton  Bnctne. — In  this  engine  (Mr.  Can*ett's)  the 
8team  is  first  admitted  to  and  begins  its  expansion  in  one  end  of  a 
cylinder,  and  finishes  its  expansion  in  the  opposite  end.  The 
former  end  has  its  capacity  diminished,  so  as  to  be  equivalent  to  a 
small  cylinder,  by  means  of  a  plunger  of  sufficiently  large  diameter, 
having  one  end  fixed  to  the  piston,  and  passing  through  a  packing- 
ring  in  the  cover.  The  other  end  of  the  same  plunger  acts  aa 
plimger  of  the  air  pump. 

358.  Am  OflciHaiian  Cyiindw  is  mounted  on  gudgeons  or  trtmnionSf 
generally  near  the  middle  of  its  length,  on  which  it  is  capable  of 
swaying  to  and  fro  through  a  small  arc,  so  as  to  enable  the  piston 
rod  to  follow  the  movements  of  the  crank,  to  which  it  is  directly 
attached  without  the  intervention  of  a  connecting  rod.  This  con- 
struction is  very  advantageous  in  point  of  economy  of  space  and 
weight. 

The  ti-unnions  are  hollow,  and  are  connected  by  steam-tight 
joints,  one  with  a  steam  pipe  leading  from  the  boiler — the  other 
with  an  exhaust  pipe  leading  to  the  condenser.  The  valve  chest 
oscillates  with  the  cylinder.  Various  arrangements  are  used  to 
adapt  the  valve  gearing  to  the  oscillating  motion  of  the  cylinder  and 
valve  chest;  one  of  the  simplest  being  to  communicate  motion  firom 
the  eccentric  to  a  sliding  rod  on  which  is  a  cross-head  of  the  form 
of  an  arc  of  a  circle  described  about  the  axis  of  the  trunnions  when 
the  valve  is  in  its  middle  position,  and  having  in  it  a  slot  of  the 
same  figure ;  in  that  slot  is  a  slider  attached  to  the  end  of  a  lever 
aiin  projecting  from  a  rocking  shaft  carried  by  the  cylinder; 
another  arm  projecting  from  that  shaft  moves  the  fidide  valve  rod. 

359.  s«ct«r  Cylinders. — In  some  American  steamers  the  place  of 
an  ordinary  cylinder  is  supplied  by  a  sector  of  a  cylinder,  in  which 
a  rectangular  piston  oscillates  to  and  fro  like  a  door  on  its  hinge. 
In  the  position  of  the  hinge  is  a  rocking  shaft,  to  which  the  piston 
is  fixed;  and  by  means  of  an  arm  projecting  from  one  of  the  outer 
ends  of  that  shaft  and  a  connecting  rod,  motion  is  communicated  to 
the  crank. 

360.  In  lUcaiMT  BnciBM  the  place  of  an  ordinary  cylinder  is 
supplied  by  a  vessel  of  the  shape  of  a  cylinder,  a  zone  of  a  sphere,  or 
flome  other  solid  of  revolution,  traversed  along  the  direction  of  ita 
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axis  by  a  shaft,  which  carries  a  revohing  piston  of  a  suitable  shape. 
A  partition  divides  the  space  between  the  pbton  and  the  cylinder 
into  two  parts ;  that  partition  is  so  constructed  as  not  to  obstaruet 
the  motion  of  the  piston ;  in  geneiul  the  partition  moves  aside  to 
let  the  piston  pass.  The  steam  is  admitted  into  the  space  behind 
the  piston,  cut  off  periodically  if  required,  and  dischai^ged  finom  the 
space  in  front  of  the  piston ;  and  so  the  piston  is  driven  continuously 
round.  The  number  of  rotatory  engines  which  have  been  patented 
in  Britain  alone  is  certainly  upwards  of  two  hundred,  and  perha|Rs 
considerably  more;  but  very  few  have  been  brought  into  praetickl 
operation,  and  those  to  a  limited  extent  only;  for  their  friction  and 
liability  to  wear  have  been  found  to  be  greater  than  those  of  ordi- 
nary engines,  and  they  have  no  advantage  except  compactness.  The 
most  successful  appear  to  have  been  the  Earl  of  Dundonald's,  and 
Mr.  David  Napier's. 

361.  Disc  Baciae. — This  engine,  the  invention  of  Mr.  Bishop, 
has  been  used  with  success  by  Messrs.  Rennie  &  Son  to  drive  screw 
propellers.     Fig.  147  is  a  sketch  showing  its  general  nature  only, 

without  any  details.  The  cylin- 
der is  shown  in  section,  the 
piston  in  elevation.  The  cylin- 
der, or  vessel  which  acts  as  a 
cylinder,  is  bounded  laterally 
by  a  spherical  zone  A  A,  and 
endwise  by  a  pair  of  cones,  B,  B, 
whose  apices  coincide  with  the 
centre  C  of  the  sphere.  The 
piston  is  a  flat  circular  disc, 
D,  fitting  the  interior  of  the 
spherical  zone  round  its  edge. 
E  E  is  a  fixed  partition  in  the  cylinder,  shaped  like  a  sector  of  a 
circle;  a  radial  slit  in  the  disc  fits  this  partition.  The  disc  is  fixed 
to  a  ball,  C,  being  the  joint  on  which  it  turns;  and  from  that  ball 
projects  a  rod  F,  perpendicular  to  the  plane  of  the  disc.  This  rod 
acts  in  a  manner  as  a  crank  pin ;  for  its  end  fits  into  a  round  hole 
at  the  end  of  the  crank  G,  which  is  carried  by  the  shaft  H,  whose 
axis  coincides  in  direction  with  the  common  axis  of  the  spherical 
zone  and  of  the  two  cones.  By  the  disc  D,  and  partition  E  E,  the 
cylinder  is  divided  at  each  instant  into  four  spaces,  two  of  which 
are  enlarging  while  the  other  two  are  contracting,  as  the  crank  G 
revolves;  the  steam  is  admitted  into  the  two  former  spaces,  and 
discharged  from  the  two  latter  spaces,  by  ports  near  the  partition 
E  E,  and  can  be  cut  off  if  required  by  an  expansion  valve ;  thus 
the  disc  is  made  to  take  a  sort  of  motion  of  ntUcUionf  and  the  crank 
•hafl  is  driven  round     The  angle  H  0  F  between  the  shaft  and 
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crank  pin  is  one-half  of  the  angle  between  the  sides  of  the  two 
cones  B,  B. 

Let  the  angle  H  C  F  =  ^.  Let  r  be  the  internal  radius  of  the 
fipherical  zone,  r'  that  of  the  ball  C.  Then  the  volume  swept 
through  by  the  disc  at  each  revolution  is 

8-3776  (rS-T^)  sin  ^; (1.) 

being  equal  to  twice  the  capacity  of  the  vessel  which  acts  as  a 
cylinder,  and  being  also  the  product  of  the  area  of  the  disc, 
3-1416  (r*-/*),  and  the  mean  distance  swept  through  by  all  parts 
of  its  surface  in  directions  perpendicular  to  themselves  during  each 

8    r3-7^3      .     . 
revolution,  „  •  -5 ^  '  sm  9. 

The  volume  given  by  the  formula  1  corresponds  to  that  which, 
in  computing  the  power  of  common  double  acting  steam  engines,  is 
found  by  multiplying  the  area  of  the  piston  into  twice  the  length 
of  a  single  stroke. 

362.  PistoHB  nnd  Pftcking. — Oi-dinary  pistons  agree  pretty  nearly 
as  to  figure  and  proportions,  with  the  description  of  a  piston  for 
a  water  pressure  engine  already  given  in  Article  127,  page  129; 
but  instead  of  the  hempen  packing,  metallic  packing  is  universally 
used,  made  of  brass,  or  of  cast  iron.  Fig.  148  represents  one  of 
the  most  complex  arrangements  of  metallic 
packing,  with  the  junk  ring  (as  it  is  still 
called)  removed.  There  are  two,  or  some- 
times three,  rings  of  packing,  each  con« 
sLsting  of  an  outer  and  inner  circle  of  arcs 
of  metal,  built  together  so  as  to  break 
joint,  and  pressed  outwards  against  the 
interior  of  the  cylinder  by  means  of 
springs.  Much  simpler  aiTangements  are 
often  used,  especially  one  in  which  there 
is  only  a  single  packing  ring  divided  at 
one  point,  and  pressing  against  the  sides  ^^' 

of  the  cylinder  by  its  own  elasticity,  which,  as  it  is  originally  made 
of  a  radius  a  little  larger  than  that  of  the  cylinder,  causes  it  to  tend 
to  expand  The  gap  at  the  point  of  division  is  sometimes  filled 
by  a  tongue  piece  morticed  into  the  ends  of  the  ring;  sometimes  by 
a  small  wedge-formed  block,  pressed  outwards  by  a  spring  behind 
it.  Mr.  Bamsbottom's  piston  for  locomotives  has  a  cylindrical 
surface  turned  to  fit  the  interior  of  the  cylinder  loosely;  round 
that  cylindrical  surface  are  three  parallel  rectangular  grooves,  each 
filled  by  a  single  packing  ring  of  squ/cvre  brass  wire,  measuring 
about  an  eighth  of  an  inch  each  way;  each  of  these  rings  is  divided* 
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at  one  point,  and  presses  outwards  against  the  cylinder  by  its 
elasticity,  like  the  single  packing  ring  beforementioned  The 
points  of  division  are  placed  at  the  lower  side,  where  the  body  of 
the  piiiton  touches  the  cylinder.  The  varieties  of  metallic  packing 
are  veiy  nnmerous;  but  they  differ  chiefly  in  points  of  detail 

Hemp  has  been  used  as  an  elastic  material  behind  metallic 
packing,  to  keep  it  pressed  against  the  cylinder. 

Metallic  rings,  or  pieces  of  sheet  brass,  packed  behind  with  hemp, 
are  uHed  also  for  the  packing  of  stuffing-boxes. 

363.  pistoB  RmU  and  Tranks. — In  most  engines,  each  piston 
has  but  one  rod,  fitted  at  one  end  into  a  conical  socket  in  the 
centre  of  the  piston,  and  fixed  by  means  of  a  gib  and  cotter,  or  a 
screw  and  nut  The  piston  rod  passes  through  a  stuffing-box  in 
the  centre  of  the  cylinder  cover. 

In  some  marine  engines,  two  piston  rods,  and  in  some  four,  are 
attached  to  one  piston,  and  traverse  a  corresponding  number  of 
Htuffing-boxes  in  the  cylinder  cover.  These  arrangements  form 
part  of  peculiar  systems  of  mechanism  for  connecting  the  piston 
with  the  crank. 

A  trunk  is  a  tubular  piston  rod,  used  to  enable  the  connecting 
rod  to  be  jointed  directly  to  the  piston,  or  to  a  very  short  inner 
piston  rod,  so  as  to  save  room  in  marine  engines.  The  width  of 
the  trunk  must  be  sufficient  to  give  room  for  the  lateral  motion  of 
the  connecting  rod.    (See  page  482.) 

As  to  the  strength  of  piston  rods,  see  Article  71,  pages  73,  74 
In  eojnputing  the  stress  on  a  piston  rod,  the  greatest  pressure  of  the 
steam  must  be  taken  into  account.  The  usual  /actor  of  safety  is 
about  6  or  7 ;  but  in  some  cases  it  is  as  low  as  5,  and  in  others  as 
high  as  10. 

364.  Speed  ef  Platens. — The  speed  of  the  piston  of  an  engine  is 
usually  expressed  in  feet  per  minute,  the  whole  motion  being  taken 
into  account  in  double  acting  engines,  but  the  forward  strokes  only 
in  single  acting  engines,  as  has  already  been  explained. 

An  opinion  at  one  time  prevailed,  that  there  was  an  advantage 
in  making  the  real  speed  of  pistons  follow  the  rule  laid  down  in 
Article  336,  page  479,  for  calculating  the  fictitious  speed  assumed 
in  computations  of  nominal  horse-power;  and  although  that  opinion 
has  been  shown  to  be  groundless,  the  ordinary  speeds  of  the  pistons 
of  stationarv  engines  and  marine  paddle  engines  do  not  often 
deviate  much  from  those  given  by  that  rule,  and  range  accordingly 
from  about  120  to  600  feet  per  minute.  But  in  marine  screw 
engines,  and  in  locomotive  engines,  speeds  of  piston  are  used  rang- 
ing up  to  900  feet  per  minute  and  more,  with  advantageous  results. 
American  engineers,  by  giving  great  length  to  the  cylinder  and 
crank,  obtain  a  high  speed  of  piston  in  paddle  engines  also.^^ 
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Inasmach  as  the  work  performed  by  the  piston  in  an  unit  of  time 
is  the  product  of  the  effort  into  the  speed,  it  follows  that  a  high 
speed  of  piston  involves  a  small  stress  upon  the  machineiy,  bearings^ 
and  framework,  and  consequently,  a  small  amount  of  friction; 
circumstances  favourable  to  lightness,  and  to  economy  of  cost  and 
of  power. 

The  velocity  of  the  piston  being  proportional  to  the  length  and 
frequency  of  the  strokes  jointly,  there  are  two  means  of  obtaining 
a  high  velocity :  great  length  of  stroke,  and  great  frequency.  Of 
those  two  means,  great  length  of  stroke  is  to  be  prefeiTed,  when 
there  is  no  reason  to  the  contraiy;  because  great  frequency  of 
stroke,  requiring  rapid  reversal  of  the  motion  of  the  piston,  and  the 
other  masses  which  move  along  with  it,  produces  periodical  strains, 
by  reason  of  the  inertia  of  those  masses,  which  to  a  certain  extent 
neutralize  the  benefits  arising  from  the  smallness  of  the  mean  effort 
exerted  through  the  piston  rod. 

The  limit  beyond  which  the  velocity  of  the  piston  cannot  with 
advantage  be  increased  is  not  yet  known.  There  must,  however,  be 
some  such  limit,  because  of  the  increase  of  the  resistance  to  the 
motion  of  the  steam  through  passages  with  increased  velocity  of  its 
flow.     (See  Article  290,  pages  413  to  417;  Article  340,  page  485.) 

SEcriON  4. — OfCcmdensera  and  Pumps, 

365.  Wau*«  C'oBdonscr,  whicli  at  One  time  was  generally  em- 
ployed, is  a  cast  iron  vessel  of  any  convenient  shape,  and  strong 
enough  to  bear  the  atmosplienc  pressure  from  without,  in  which 
the  waste  steam  frem  the  cylinder  is  condensed  by  a  shower  of  cold 
water. 

The  capacity  of  the  condenser  in  Watt's  oiiginal  engines  was  ^ 
of  that  of  the  cylinder;  but  according  to  present  practice,  it  ranges 
from  ^  to  },  and  sometimes  even  more. 

The  area  of  the  injection  valve,  by  which  the  condensation  water 
is  introduced  into  the  condenser  from  the  cold  well  in  land  engines, 
and  from  the  sea  in  marine  engines,  is  commonly  fixed  by  one  or 
other  of  the  two  following  rules : — 

IT  square  inch  per  cubic  foot  of  water  evaporated  by  the  boiler  per 
hour,  or 

TTT  of  the  area  of  the  piston. 

In  Chapter  IIL,  Section  5,  of  this  Part,  formulae  have  been  given 
for  computing  the  Tiet  quantity  of  injection  water  required  to  con- 
dense the  steam  in  engines  of  various  kinds,  for  each  cubic  foot 
swept  through  by  the  piston.  The  velocity  with  which  the  injection 
water  flows  towards  the  condenser  at  the  contracted  vein  is  about 
44  feet  |)or  second.     Taking  0*62  as  the  co-efficient  of  contraction. 
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the  velocity  of  flow  reduced  to  tbe  area  of  the  orifice  itself  is  found 
to  be  27  feet  per  second,  or  1,620  feet  per  minute,  nearly.  To  find, 
therefore,  the  proportion  of  the  injection  orifice  to  the  area  of 
piston,  necessary  in  order  to  supply  the  wi  quantity  of  injection 
water,  we  have  the  following  formula : — 

net  area  of  orifice  ^      ,  «.  .    x-  x  l-   r    x 

^    .  . =  net  volume  of  miection  water  per  cubic  foot 

area  of  piston  •*  ^ 

swept  through  by  piston  X  velocity  of  piston  in  feet  pur 

minute -f- 1620; (1.) 

but  it  appears  from  ordinary  practice,  that  to  provide  for  oontin* 
gences,  the  injection  valve  must  be  made  capable  of  introducing^ 
when  required,  about  douhle  the  net  quantity  of  injection  water 
fo\md  by  calculation ;  hence  SIO  is  to  be  taken  as  the  divisor  in  the 
above /ormtUa  instead  o/*  1,620.  This  gives  results  nearly  agreeing 
with  those  of  the  practical  rules  first  cited. 

In  marine  engines,  there  is  sometimes  an  injection  valve  leading 
from  the  ship^s  bilge  into  the  condenser,  which  is  opened  only  when 
the  leakage  of  water  into  the  ship  threatens  to  become  too  great 
for  the  ordinaiy  bilge  pumps.  On  such  occasions,  the  ordinaty 
injection  valve  is  closed.    (See  i>age  553.) 

366.  The  c«id  Water  Pamr*  by  which  in  low  pressure  land 
engines  the  cold  well  is  supplied  with  water,  must  be  made  of  capa- 
city sufficient  to  supply  double  the  computed  net  injection  water. 

367.  The  Air  Pamp  (Article  337,  Division  XYL,  page  481),  when 
single  acting,  is  usually  of  a  capacity  from  on/e-fifik  to  on/e-sixih  of 
that  of  the  cylinder;  when  the  air  pump  is  double  acting,  it  may  of 
course  be  made  one-half  smaller.  The  valves  through  which  it 
draws  the  water,  steam,  and  air  from  the  condenser,  are  called  ^/bot 
valves;  those  through  which  it  discharges  those  fluids  into  the  hot 
vodl,  ddivery  valves,  A  single  acting  air  pump  has  bucket  valves 
opening  upwards  in  its  piston.  Flap  valves,  and  other  clacks  of 
various  forms,  are  used  as  air  pump  valvea  As  to  the  circular 
Indian  rubber  flap  valves,  now  very  generally  employed,  see  Article 
118,  page  123.  The  ratio  of  the  area  of  the  valve  passages  to  that 
of  the  air  pump  piston  ranges  in  difierent  engines  from  ^  to  equality, 
being  made  greater  as  the  speed  of  that  piston  is  greater,  so  that 
the  velocity  of  fluids  pumped  may  not  in  any  case  exceed  about  10 
or  12  feet  per  second.     (See  next  i>age.) 

The  surplus  water  from  the  hot  well,  over  and  above  that  which 
is  drawn  away  by  the  feed  pumps  (Article  316,  page  164),  is  dis- 
charged by  marine  engines  into  the  sea;  and  by  land  engines,  if 
there  is  sufficient  ground  available,  into  a  shallow  pond,  to  be  cooled 
and  used  again  as  condensation  water. 
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368.  AOTface  €«adieMcr«  possess  the  advantages  of  preserving  the 
purity  of  the  water,  by  returning  to  the  boiler  the  same  water  over 
and  over  again,  without  the  admixture  of  condensation  water  from 
without  (see  Ai-tide  321,  page  468),  and  of  saving  the  power  which 
is  expended  in  pumping  the  condensation  water  out  of  the  common 
condenser.  Sur&ce  condensation  appears  to  have  been  employed 
at  an  early  period  by  Watt,  but  aftei*wards  abandoned  by  him  for 
condensation  by  injection,  on  account  of  practical  (Hfficultiea. 
Various  sui&ce  condensers  have  since  been  tried  at  different  times 
with  more  or  less  success.  Those  of  Mr.  Samuel  Hall  were  fitted 
up  in  several  steamers. 

A  surface  condenser  consists  generally  of  a  great  number  of 
small  tubes,  about  ^  inch  in  diameter,  united  at  their  upper  and 
lower  ends  by  means  of  a  pair  of  fiat  disc-shaped  vessels,  or  of  two 
sets  of  radiating  tubes,  or  in  some  other  convenient  manner.  This 
set  of  tubes  is  enclosed  in  a  casing,  through  which  a  sufficient  quan- 
tity of  cold  water  is  driven.  The  steam  being  led  by  the  exhaust 
pipe  to  the  upper  end  of  the  set  of  tubes  is  condensed  as  it  descends 
through  them,  and  arrives  in  the  state  of  liquid  water  at  the  lower 
end  of  the  apparatus,  whence  it  is  pumped  away  to  feed  the  boiler. 

Where  condensation  water  is  scarce  or  impure,  it  may  be  de- 
sirable to  condense  the  steam  by  the  contact  of  cold  air  with  the 
outside  of  the  tubes.  To  overcome  the  chief  difficulty  of  this  pro- 
cess, which  consists  in  producing  a  sufficiently  rapid  circulation  of 
air  over  the  tubes,  Mr.  Craddock  makes  the  whole  apparatus  of 
tubes  rotate  rapidly  about  a  vei'tical  axis.     (See  Appendix.) 

Some  results  of  experiment  as  to  the  efficiency  of  cooling  surface 
in  condensing  steam  have  already  been  given  in  Article  222,  page 
266.  The  greatest  of  those  results  (that  recently  obtained  by  Mr. 
Joule)  was  the  effect  of  casing  each  condensing  tube  in  an  outei 
tube,  and  driving  a  current  of  cold  water  through  the  annular  space 
between  the  inner  and  outer  tubes  in  a  direction  contrary  to  that 
of  the  motion  of  the  condensing  steam.  To  these  data  may  be 
added  the  result  of  some  recent  experiments  on  a  marine  engine,  in 
which  the  rate  of  surface  condensation  in  half-inch  brass  tubes 
surrounded  by  water,  estimated  theoretically  from  the  indicator 
diagrams,  was  between  3  and  4  lbs.  per  square  foot  of  surface;  the 
**  vacuum"  in  the  condenser  being  13  lbs.  on  the  square  inch,  and 
the  absolute  pressiure,  therefore,  of  uncondensed  steam  and  air  about 
1  '7  lb.  on  the  square  inch. 

In  a  marine  engine  with  a  surface  condenser,  the  loss  of  water  is 
supplied  by  means  of  a  distilling  apparatus.    (See  pp.  563  and  568.) 

Addendum  to  Article  367. 
Th«  BcaitlaBCV  •f  the  Air  Pamp  is  equivalent  to  a  back-pressnre  on  fTic  Atcaro. 
piston,  nngiDg  from  0*5  to  076  lbs.  on  the  square  inch,  in  .well-proportioned  examplec 
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Section  5,^  Of  Connecting  Medumimn, 

369.  Bean  BMgincs  and  Direct  Acllac  Engiae** — By  eomueding 
mechcmism  is  meant  the  series  of  pieces  through  which  motion  is 
communicated  fix)m  the  piston  rod  to  the  piece,  whether  a  rotating 
shaft  or  a  reciprocating  rod,  by  which  the  useful  work  is  performed. 
With  respect  to  connecting  mechanism,  steam  engines  may  be 
divided  into  two  great  classes : — 

I.  Beam  Engines^  in  which  the  piston  rod  is  connected  by  means 
of  a  link,  with  one  end  of  a  beam  or  lever  oscillating  about  a  centre  ; 

the  other  end  of  the 
beam  being  connected 
by  a  link  or  connect- 
ing rod  with  the  pump 
rod  or  with  the  crank, 
according  as  the  engine 
is  non-rotative  or  rota- 
tive. The  engine  used 
as  an  illustration  in  Ar- 
ticle 339,  fig.  130,  is  a 
beam  engine  of  the  ordi- 
nary kind;  but  as  the 
beam  is  there  omitted, 
^g.  149  is  added  to  show 
the  general  armntrement 
of  mechanism  in  such  an  engine. 

II.  Direct  acting  engines,  in  which  the  pump  rod  or  the  crank, 
as  the  case  may  be,  is  connected  with  the  piston  rod,  either  directly 
or  by  means  of  a  connecting  rod  only.  The  engine  used  as  an 
illuRtration  in  Article  344,  fig.  137,  is  direct  acting. 

370.  Forces   Acllny  oa  Bcaai  aa«i  C^liader. — In  a  beam  engine 

the  velocities  of  the  two  ends  of  the  beam  at  any  given  instant  are 
to  each  other  directly  as  the  lengths  of  the  two  arms  of  the  beam  ; 
the  alternate  pulls  and  thrusts  exerted  on  the  two  ends  of  the  beam 
by  the  piston  rod  and  connecting  rod,  being  inversely  as  the  veloci- 
ties of  their  points  of  application,  are  to  each  other  inversely  as  the 
lengths  of  the  arms  of  the  beank 

The  bearings  of  the  "  main  centre,**  or  gudgeons  of  the  beam^ 
have  to  sustain,  when  the  engine  is  at  rest,  the  vxigJU  of  the  beam 
and  the  parts  which  hang  from  it :  when  the  beam  is  in  motion,  the 
sum  of  the  forces  exerted  by  the  piston  rod  and  connecting  rod  \b 
added  to  that  weight  during  the  down  stroke  of  the  piston,  and 
subtracted  from  it  during  the  up  stroke. 

The  cylinder  is  pressed  alternately  downwards  and  upwards  with 
a  force  equal  and  opposite  to  the  effort  of  the  steam  on  the  piston ; 


Fig.  149. 
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and  the  strength  of  the  fastenings  of  fhe  cylinder  to  the  framework 
must  be  regulated  accordingly. 

371.  Efl'mt  •n  Crank  Pin— Fly- Wheel. — The  whole  force  exerted 
by  the  connecting  rod  on  the  crank  pin  may  be  resolved  into  two 
rectangular  components,  as  in  Article  23,  page  31 — a  lateral  force 
acting  along  the  crank  towards  or  from  its  axis  of  rotation,  produc- 
ing mei-ely  pressure  on  the  bearings  of  the  shaft,  and  an  effort,  acting 
perpendicular  to  the  crank,  in  the  direction  of  motion  of  the  crank 
pin,  by  means  of  which  eiFort  the  resistance  of  the  machinery  driven 
is  overcome  and  work  performed. 

To  find  the  ratio  which  that  effort  bears  to  the  effort  exerted  by 
the  steam  on  the  piston,  in  any  given  position  of  the  mechanism,  it 
is  sufficient  to  know  the  ratio  of  the  velocity  of  the  crank  pin  to 
that  of  the  piston ;  for  the  efforts  are  inversely  as  the  velocities. 

The  following  are  the  methods  by  which  that  "velocity  ratio"  is 
found  at  any  instant : — 

Case  I.  In  a  beam  engine  (fig.  150),  let  Qy  be  the  axis  of  mo- 
tion of  the  beam;  Cg  that  of  the  crank  shaft;  T^  Tg,  the  connecting 
rod,  To  being  the  centre  of  the  crank  pin.  At  a  given  instant,  let 
t?!  be  tne  velocity  of  Tj,  which  can  be  deduced  from  that  of  the  pis- 
ton, as  in  Article  370 ;  v^  that  of  Tg. 

To  find  the  ratio  of  those  velocities,  produce  C^  Tj,  Cg  Tg,  till 
they  intersect  in  K ;  K  is  the  "  instantaneous  axis'*  of  the  connect- 
ing rod,  and  the  velocity  ratio  in  question  is 


:r,::KTi:KTs 


.(1.) 


Should  K  be  inconveniently  far  off,  draw  any  triangle  with  its  sides 
respectively  parallel  to  Cj  Tj,  Cg  Tg,  and  Tj  Tg;  the  ratio  of  the  two 


Fig.  150. 


Fig.  161. 


Bides  first  mentioned  will  be  the  velocity  ratio  required.     For  ex- 
ample, dnw  C<|  A  parallel  to  C^  T^,  cutting  T,  T,  in  A;  then 

r^ :  r,  :  :T^  :  (^ (2.) 
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Case  IL,  in  a  direet  aeting  engine  (fig.  151.)  Let  Gj  ^  ^  *>^ 
of  the  cr&nk  shaft,  and  T^  R  the  piston  rod ;  Oj  T^  tiie  eimnk ;  mmd 
Tj  Tj  the  connecting  rod.  Draw  Tj  K  perpendicukr  to  Tj  R,  inter- 
aactii^  Cj  T^  produced  in  K  ;  K  is  the  "  instantaneous  axis**  of  the 
Gonneoting  rod;  and  the  rest  of  the  solution  is  the  same  as  in  Casie 
I.,  the  formulae  1,  2,  giving  the  ratio  of  the  velocity  of  the  jnslon  to 
that  of  the  crank  pin,  vhich  is  also  the  ratio  of  the  effort  on  the 
crank  pin  to  the  effort  on  the  piston ;  that  is  to  say — 

CgTg  :  C2  A  :  :  effort  of  steam  on  piston  *  effort  of  connecting 

rod  oncffwik  pin (3.) 

It  is  b J  this  process  that  data  are  obtained  for  determining  the 
pariodiad  excess  and  d^tdency  of  energy  exerted  on  the  crank  shaft, 
by  the  methods  already  explained  in  Article  52,  pages  59,  60,  61, 
and  thence,  by  the  methods  explained  in  Article  53,  pages  61,  G2. 
the  required  moment  of  inertia  of  a  fly-wheel  which  shall  prevent 
the  fluctuations  of  speed  caused  by  that  alternate  excess  and  deti- 
ciency  from  going  beyond  given  limits. 

Marine  and  locomotive  engines  require  no  fly-wheels ;  for  in  the 
former  the  inertia  of  the  propeller,  whether  paddle  or  screw,  and  in 
the  latter  that  of  the  entire  engine,  suffice  to  pi*event  excessive  fluc- 
tuations of  speed. 

372.  i»ca«i  p«ini0. —  At  two  instants  in  each  revolution,  the 
direction  of  the  crank  coincides  with  the  line  of  connection  (or 
straight  line  joining  the  centres  of  the  joints  of  the  connecting  rod). 
The  i)08itions  of  the  cnink  pin  at  those  instants  are  called  dectd 
ffoinlSf  and  they  correspond  to  the  ends  of  the  stroke  of  the  piston, 
when  its  velocity  vanishes,  and  so  also  does  the  effort  on  the  cnuik 
pin.  It  is  to  diminish  the  irregular  action  caused  by  the  existence 
of  these  dead  points,  and  especially  to  facilitate  the  starting  of 
engines  when  the  citink  hap{)ens  to  rest  at  one  of  them,  that 
engines  are  combined  by  pairs  or  threes,  as  described  in  Artich's 
338  and  353,  with  the  eflect  in  diminishing  the  periodical  excess 
und  deficiency  of  energy  stated  in  Article  52,  page  6(). 

373.  On  Mm  for  the  Piston  Umd  are  very  accurately  straight 
siu-fetces,  plane  or  cylindrical,  but  best  plane,  on  which  a  block  fixetl 
to  the  head  of  the  piston  rod  slides,  and  which  resist  the  tendency 
of  the  link,  or  of  the  (vuinecting  rod,  when  in  an  oblique  position, 
to  make  the  motion  of  the  piston  rod  deviate  from  a  straight  line. 
The  accuracy  with  which  smooth  plane  surfaces  can  now  be  made 
has  caused  guides  to  Ix*  more  generally  used  than  they  were  for- 
merly. 

374.  FamIM  ii«ii«a*  are  jointed  oombinatipns  of  link  work, 
designed  to  guide  the  motion  of  the  piston  rod  either  exactly  or 
approximately  in  a  sti-aight  line,  in  .order  to  avoid  the  fri<iion 
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wliifih  M^nds  ike  use  of  stnuigkt  guides.  The  6f«t  parallel  tnotion 
is  well  known  to  have  been  an  invention  of  Watt  Four  kinds  of 
parallel  motion  will  now  be  deseribed : — 

I.  An  mam€t  ^bmUcI  Jli««tea,  belie ved  to  have  been  first  proposed 
by  Mr.  Scott  Russell,  is  represented  in  fig.  152.  The  same  parts 
of  the  meehanism  are  marked  with  the 
same  letteis,  and  different  suooessive 
pofiitioos  are  indicated  hy  uumends 
ailixed.  The  lever  CT  turns  about 
the  fixed  eeutra  C,  and  carries,  jointed  i^^ 
to  its  other  end,  the  bar  or  link  P  T  Q, 
inwhichPT  =  TQ=:CT.  Thepoint 
Q  is  jointed  to  a  slider  which  slides  in 
guides  aloDLg  the  straight  line  C  Q ;  and 
the  point  P  moves  in  the  straight  line  '^* 

p^  C  P^  -L  C  Q.  A  pair  of  the  combinations  here  shown  are  u«ed, 
one  at  each  side  of  the  cylinder;  and  the  pair  of  bars  P  Q  ai^e 
jointed  at  their  extremities  P  to  the  head  of  the  piston  rod. 

II.  An  Appvximutft  Parallel  ifiotioa,  somewhat  resembling  the 
{Hreoediiig,  is  obtained  by  guiding  the  link  P  Q  entirely  by  meanfl  oi 
oscillating  le- 
vers, instead  of 
by  a  lever  and 
a  slide  To 
find  the  length 
and  the  posi- 
tion of  the  axis 
of  one  of  those 
levers,  c/,  select 
any  convenient 
point,  t,  in  the 
link  P  Q,  and 
lay  down  on  a 
drawingtheex- 
treme  and  mid- 
dle    potations, 

point,  corre- 
sponding to  the 
extreme  and 
middle      posi-  *«•  1^8. 

tions  of  the  link  P  Q.  The  centre  c  of  a  circle  traversing  those 
three  points  will  be  the  required  axis  of  the  lever,  and  c  t  will  be, 
its  length ;  and  if  the  link  P  Q  is  guided  by  two  such  levers,  tlie 
extreme  and  middle  positions  of  P  will  be  in  one  straight  liii^ 
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and  the  other  positions  of  that  point  vexy  nearly  in  one  straight 
line. 

IIL   Walfa  AppMxiMMa  Parallel  IHaCtoa. — In  fig.  153,  CT,  C<, 

are  a  pair  of  levers,  connected  by  a  link  T  t,  and  oscillating  about 
the  axes  C,  c,  between  the  positions  marked  1  and  3.  The  middle 
positions  of  the  levers,  C  Tg,  c  ^j*  ^^  parallel  to  each  other.  It  is 
required  to  find  a  point  P  in  the  link  T  t,  such,  that  its  middle 
position  P2,  and  its  extreme  positions  Pj,  P3,  shall  be  in  the  same 
straight  line  perpendicular  to  0  Tg,  c  t^,  and  so  to  place  the  axes  C,  c, 
on  the  lines  C  Ta,  c  t^,  that  the  path  of  P,  between  the  positions 
P^,  Pg,  Pg;  shall  be  as  near  as  possible  to  a  straight  line. 

The  axes  C,  c,  are  to  be  so  placed,  tliat  the  middle  M  of  the  versed 
sine  V  Tg,  and  the  middle  m  of  the  vei'sed  sine  v  t^,  of  the  respective 
arcs  whose  equal  chords  T^To=:t^  t^  represent  the  stroke,  shall 
each  be  in  the  line  of  stroke  mm. 

The  position  of  the  point  P  on  the  link  is  found  by  the  following 
proportional  equation: — 

TiiTt:Vl:iCil  +  ^i:^i:  C"M (1.) 

The  positions  of  the  point  P  in  the  link,  intermediate  between  its 
middle  and  extreme  positions,  are  near  enough  to  a  stiuight  lint' 
tor  practical  purposes.  When  there  ai-e  given,  the  axes  0,  c,  i\w 
line  of  stroke  Pj  Pg  P3,  the  length  of  stroke  Pj  P3  =  S,  and  the 
|)ei'pendicular  distance  M  m  between  the  middle  positions  of  the 
two  level's,  the  following  equations  serve  to  compute  the  lengths 
of  the  levers  and  link : — 

S*        —        S» 
Vei'sed  sines,  'A'V  =  --     -  ;  ^^-^TTZ/' 

o  (J  M  o  cm 

T^  tv 

Lovew.  CT  =  CM  +  -2-;  o«  =  cm+-j;    }  (2) 

Link,        r.=v' (H^-+<^t-^}- 

IV.  W«it*k  Parall0l  JH^ctoa  lil«difl«4  by  having  the  guided  point 
P  in  the  prolongation  of  the  link  T  i  beyond  its  connected  pointy 
instead  of  between  those  points,  is  represented  by  fig.  154.  In  this 
CHMO,  the  centres  of  the  two  levers  are  at  the  same  side  of  the  luik, 
instead  of  at  opposite  sides,  the  shorter  lever  being  the  fiuther  from 
the  guided  point  P;  and  the  equations  1  and  2  are  modified  ha 
follows : — 

Segments  of  the  link — 

Ti  :  PT  :  Pi :  :  CM  -  c'm  : cm  :  C  Al (3  ) 


PARALLEL  MOTIONS. 


6ld 


Versed  sines, 
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S2  --  S8 


"SCM 


8cm 


CT  =  CM  +  y ;  71=-^^-^-^      [  (4.) 

Link,  T7=y^{M^«  +  (^--/^)^} 

This  parallel  motion  is  used  in  some  marine  engines,  in  a  position 
inverted  with  respect  to  that  in  the  figure,  P  being  the  upper,  and 
i  the  lower  end  of  the  link. 


Fig.  165. 

When  Watt's  parallel  motion  (III.) 
is  applied  to  steam  engines  with  beams, 
it  is  more  usual  to  guide  the  air  pump 
rotl  than  the  piston  rod  directly  by 
means  of  the  point  P.  The  head  of 
the  piston  rod  is  guided  by  being  con- 
nected with  that  point  by  means  of  a 
paraUelogrdum  of  bars,  shown  in  fig. 
155.  c  is  the  axis  of  motion  of  the 
l>eam  of  the  engine,  ctA  one  arm  of 
that  beam,  C  T  a  lever  called  the 
radius  bar  or  bridle  rod,  Tt  a,  link 
called  the  back  link.  C  T,  c  «,  and  T  «, 
form  the  combination  already  described 
(III.),  and  shown  in  ^g.  153;  and  the  point  P,  found  as  already 
shown,  is  guided  in  a  vertical  line,  almost  exactly  straight.  The 
total  length  of  the  beam  arm,  c  A,  is  fixed  by  the  proportion 

P7:  Ti  :  :  r«  :  JA; (6.) 

that  is,  ^  A  is  very  nearly  a  third  proportional  to  07  and  c  t  Draw 
A  B  II  T  «,  and  cP B  intersecting  it;  then  from  the  proportion  6  it 
follows  that  A  B  =  T7.     AB  is  the  main  link:  B,  the  h^  of  the 


Fig.  164. 
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piston  rod.  WT  ^  and  ||t  A  is  the  pantUd  bar,  by  which  the  main 
and  back  links- are  cotmecWd.  F  moves  sensibly  in  a  straight  line; 
c  B  ;  c  P  is  a  constant  ratio ;  therefore  B  moves  sensibly  in  a  straight 
line  parallel  to  that  in  which  P  motrea  (For  methods  of  designing 
parallel  motions  by  graphic  constrtiction  alone,  see  Kankine  On 
Machinert/,  pages  274  to  280;  On  ShiptntUdivg,  i«ges  284,  285; 
Rules  and  Tabks,  page  286.) 


-^A 


JH^ ^  fekCJt^r 


Fijf.  156. 

375.  swc  i^erer  Bnctnes  are  a  variety  of  beam  engines  once 
used  in  |)addle  steamers.     Figs.  156  and  157  represent  the  general 
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arrangenient  of  a  pair  of  such  engines^  driving  a  pair  of  crankrat 
right  angles  to  each  o4^er:  fig.  156  bek^  a  wle  vierw  of  the  pmrt' 


Fig,  167. 

engine,  and  fig.  157  a  view  of  the  cylinder  ends  of  both  engines. 
Each  engine  has  a  pair  of  side  levers  or  beams  below  the  level  of  the 
shaft  and  of  the  cylinder  cover;  they  are  fixed  on  the  opposite  ends 
of  one  rocking  shaft,  which  is  the  main  centre.  The  piston  rod 
carries  a  cross-head,  like  that  of  the  letter  T,  from  the  ends  of 
which  hang  a  pair  of  side  rods,  connecting  it  with  the  ends  of  the 
I)air  of  side  levers.  The  opposite  ends  of  the  aide  levers  are  con- 
nected with  a  cross-tail,  which,  being  fixed  on  the  lower  end  of  the 
connecting  rod,  gives  it  the  shape  of  the  inverted  letter  j^  In  fig. 
156,  a  is  the  cylinder,  b  one  of  the  side  levers,  c  the  sole  plate  with 
vertical  flanges,  which  carries  the  engines  and  their  frame;  dthe 
air  pump  rod  with  its  cross-head  and  side  rods,  e  the  crank,  A  A  a 
paddle  wheel,  y  an  eccentric  with  its  counterpoise. 
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376.  TartoCiM  la  Direct  A.ctlag  marine  Baglaes  are  80  numerOOS 
that  they  would  require  a  separate  treatise  for  theii'  description. 
The  objects  aimed  at  in  them  are,  in  paddle  steamers,  length  of 
stroke,  notwithstanding  limited  head  room;  and  in  screw  steamers, 
compactness  and  convenience,  especially  in  ships  of  war,  where  the 
whole  engine  has  to  be  placed  below  the  water  line.    Some  of  them 


Fig.  158. 

have  been  sufficiently  described  un- 
der the  head  of  cylinders,  Articles 
353,  354,  355,  358.  Fig.  158  is  a 
cross-section,  and  fig.  159  a  side 
view,  of  a  pair  of  oscillating  engines, 
such  as  have  been  mentioned  in 
Ai-ticle  358.  The  air  pump  is 
worked  by  a  crank  in  the  middle  of 
the  shaft.  Figs.  160  and  161  repre- 
sent a  pair  of  "  steeple  engines,"  in 
which,  from  each  cylinder,  a  pair 
of  long  piston  rods  rise  on  opjxjsite 
sides  of  the  shaft,  and  also  of  the 
crank,  carrying  a  cross-head  from 
which  the  connecting  rod  hangs 
downwai-ds.  In  fig.  161  is  seen  tlie 
air  pump,  worked  by  a  lever  and 
linka  Figs.  162  and  163  represent 
a  pair  of  Messrs.  Maudslay*s  double  cylinder  engines,  in  which 
there  are  four  cylinders,  two  for  each  engine.     Fig.  163  shown  th«* 


Fig.  159. 
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^wo  similar  and  equal  cylinders  that  belong  to  one  engine,  standing 
side  by  side;  their  pistons  move  together,  and  they  act  in  all 


Fig.  160 


Fig.  161. 


Fig.  162. 

respects  like  two  parts  of  one  cylinder.  Theii*  two  piston  rods  are 
fixed  to  the  cross-head  of  a  pair  of  T-shaped  pieces,  the  lower  ends 
of  the  stemB  of  which  move  in  vertical  guides  in  the  space  between 
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the  cjHnderSi  and  give  motion  tbnragfa  tlie  oosnecliBg  rod  to  thv 
cmnk     The  air  pump  is  worked  through  a^  tever  and  linki. 

The    simplest    amnge- 
^^l^^w^  nws^  or  directr  aonng  serow 

.-^^Z 1  \\^»  engines  used  in  merchant 

venels  will  be  illnstntoil  in 
a  subsequent  Aitfek.  In 
^ips  of  war,  thow  engines 
son  brought  below  Hie  vivriai 
line,  generally  by  placing 
their  cylinders  either  hori- 
zontal or  very  mxuk  in- 
clined. GontriTMices  fbr 
this  object  have  given  rise 
to  an  incalculable  variety 
of  forms  of  engine. 

377.   €«arliM0    mhmlim    •# 
niarlae  Bn«im«.~In  paddle 

engines,  the  shaft  consiBts 
^^S'  163.  ^f  three  pieces,  eadi  with 

its  independent  bearings.  The  middle  piece,  called  the  irUermediale 
8?iaft,  or  engine  aluifi,  is  in  permanent  connection  with  the  pistons 
through  the  connecting  rods.  The  two  outer  pieces,  called  the 
paddle  ahaftSj  carry  the  paddle  wheels :  they  have  cranks  upon  their 
inner  ends,  which  can  be  at  will  connected  with  and  disconnected 
from  the  crank  pins  of  the  cranks  of  the  engine  shaft.  The  details 
of  the  method  of  doing  this  vary  very  much  in  the  practice  of 
different  engineera 

In  screw  engines  also,  the  engine  shaft  and  screw  shaft  can  be 
connected  and  disconnected  by  various  contrivances. 

378.    Strength  of  Iflechantoni  and  Framiiis. — The  principles  upon 

which  the  strength  of  mechanism  depends  have  been  explained  io 
Section  8  of  the  Introduction ;  and  it  has  also  been  shown  how 
they  are  to  be  applied  to  the  principal  pieces  which  occur  in  the 
mechanism  of  steam  engines,  such  as  piston  rods,  connecting  rods, 
cross- heads,  cross- tails,  beams,  cranks,  axles,  wedges,  kejrs,  Ac 

Caro  must  be  taken  in  all  calculations  on  this  subject,  to  consider 
all  the  variations  which  the  forces  acting  amongst  ike  pieces  of  the 
mechanism  undergo,  whether  in  magnitude  or  in  direction,  and  to 
take  into  account  that  condition  of  those  forces  in  which  the  stress 
produced  by  them  is  the  most  severe.  Caro  must  also  be  taken 
not  to  consider  efforts  and  rosistances  alone,  but  the  entiro  force? 
applied  to  each  piece,  whether  direct  or  lateral  (Article  S,  page  6; 
Article  23,  page  31).  For  example,  it  is  not  the  mero  effort  in  th« 
direction  of  motion  of  the  crank  pin  which  is  to  be  considered  in 
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determiniug  the  requisite  strength  of  the  craak,  but  t^  whole 
thmsi  or  pull  exerted  along  the  oonuecting  rod 

Hie  fkiuanework  by  whioh  a  moving  pieoe  ia  held  or  supported, 
exerts  upon  that  pieoe  a  foroe  or  foroes  suffieiant  to  prevent  it  from 
being  dislodged  ttom  its  proper  bearings,  and  must  be  made  sufii- 
ciently  strong  to  bear  with  safety  all  the  forces  exerted  by  other 
bodies  upon  the  moving  pieces  which  it  carries. 

For  example,  in  a  b^m  engine,  the  principal  parts  of  the  frame- 
work are,  the  sole  or  base,  and  the  pillars  for  alternately  supporting 
and  holding  down  the  main  centre  of  the  beam.  At  one  end  of  the 
base,  the  cylinder  must  be  fixed  down  to  it  by  bolts  capable  of 
safely  resisting  an  upward  pull  equal  to  the  greatest  effort  on  the 
jnston.  At  l£e  other  end,  the  b^trings  of  the  shaft  must  be  fixed 
down  with  equal  firmness.  The  supports  of  the  main  centre  must 
be  strong  enough  to  bear  the  forces  acting  upon  it,  determined  in 
the  manner  explained  in  Article  370.  The  base  itself  must  possess 
transverse  strength  sufficient  to  bear  safely  the  tendency  of  the 
forces  applied  to  its  ends  an^l  middle  to  break  it  across,  producing 
a  mamerU  o/Jlexure  (Article  73,  page  75)  at  each  instant,  equal  and 
opposite  to  that  which  acts  on  the  beam. 

Similar  principles  apply  to  the  side  lever  engine,  except  that  the 
pillars  support  and  hold  down  the  bearings  of  the  engine  shaft. 

In  a  direct  acting  engine,  the  principal  parts  of  the  frame  are  the 
])illars  or  rods  by  which  the  cylinder  and  the  shaft  are  kept  in  their 
proper  relative  positions,  and  which  have  to  resist  a  pull  and  a 
thrust  alternately. 

879.  BaiwiciBc  •f  nieciwatoai. — All  the  moving  parts  in  an  engine 
ought  as  far  as  possible  to  be  balanced;  that  is  to  say,  that  every 
axis  about  which  moving  parts  turn  or  vibrate,  or  have  a  recipro- 
cating motion,  should  either  exactly  or  as  nearly  as  possible  traverse 
the  common  centre  of  gravity  of  all  the  parts  that  its  bearings  sup- 
jKirt,  and  be  a  permanent  axis  of  those  parts  which  turn  with  it 
The  reasons  for  doing  this,  and  the  principles  according  to  which  it 
is  to  be  effected,  have  been  explained  in  Articles  21,  22,  pages 
27  to  30.  It  is  of  special  importance  as  applied  to  the  crank 
shaft. 

The  weight  of,  and  the  centrifhgal  force  and  couple  produced 
by,  any  mass  which  is  fixed  to  the  shaft  and  rotates  along  with  it, 
such  as  a  crank  or  eccentric,  can  easily  be  balanced  by  counterpoises 
fixed  to  and  rotating  along  with  the  shaft  also.  In  the  case  of  a 
mass  which  only  partially  partakes  of  the  motion  of  the  shaft,  such 
as  a  piston,  the  balance  of  weight  and  inertia  cannot  be  exactly 
realized  in  all  positions  of  the  engine,  but  must  be  approximated 
to  in  the  way  which  may  seem  best  to  the  judgment  of  the 
engineer. 
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In  Article  347  it  has  been  shown  how  the  weight  of  the  piston 
in  vertical  cylinders  is  approximately  balanced  by  a  proper  Mjost- 
ment  of  the  pressure  of  the  steam.  In  this  case  it  is  probably  best, 
in  order  to  avoid  horizontal  vibrations,  that  the  weight  of  the  piston^ 
•ts  rod,  and  half  the  connecting  rod,  should  be  balanced  by  Rtcuro 


Vfi.  161. 
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pressure  alone,  the  crank  and  the  other  half  of  the  connecting  rod 
being  balanced  by  counterpoises  fixed  on  the  shaft  In  engines 
with  horizontal  cylinders,  on  the  other  hand,  it  is  probably  best  to 
treat  the  whole  weight  of  the  piston,  piston  rod,  and  connecting 
rod,  as  if  it  were  concentrated  at  and  revolved  along  with  the  ci-ank 
pin,  and  to  fix  countei*poises  on  the  shaft  suited  to  that  sii])posi- 
tion;  and  this  method,  or  one  not  greatly  differing  from  it,  appears 
to  have  been  practised  by  Messra  Bourne  <fe  Co.  in  their  horizontal 
single  cylinder  screw  engine,  with  good  i-esnlts.. 


Section  6. — Eocamples  of  Pumping  and  Marine  Engines 

380.  BxsMples  of  a  Cornlvli  PaMpIng  Engine. — Figs.  1 64,  1 65, 
and  166,  represent  a  single  ax^ting  non-rotative  beam  engine,  known 
as  the  "  Cornish  engine,"  and 
used  for  draining  mines,  and  for 
supplying  towns  with  water. 

Fig.  164  is  a  general  elevation 
or  side  view. 

Fig.  165  is  an  elevation,  and 
fig.  166  a  plan,  of  the  valve 
gear. 

As  to  the  general  aiTange- 
ment  of  the  valve  gear,  see  Ar- 
ticles 342  and  343. 

A  is  the  cylinder;  B,  the 
piston  rod;  C  D  E,  the  beam; 
F,  the  main  pump  rod;  G,  the 
tappet  rod  or  plug  rod;  H,  the 
equilibrium  pipe,  which,  when 
the  equilibrium  valve  is  open, 
connects  the  top  and  bottom 
of  the  cylinder ;  I,  the  exhaust 
pipe ;  K,  the  condenser ;  L,  the 
air  pump;  M,  the  feed  pump; 
N,  its  supply  pipe;  and  O,  its 
dischaige  pipe. 

P  is  the  " cataract'*  as  to  the 
general  nature  of  which  see  Ar- 
ticle 343.  Q,  the  chest  of  the 
throttle  valve;  a,  its  spindle; 
be,  A  lever;  and  dd,  a  rod  and 
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handle  to  adjust  its  opening;  Z,  the  passage  through  which  it  com- 
municates with  the  steam  valve  box  R  S,  the  equilibrium  valrn 
Iwx.     T,  the  exhaust  valve  b>x. 
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e  ifl  the  pump  of  the  cataract,  standing  in  a  small  tank ;  Ha  i 
rod  is  attached  to  an  arm  projecting  from  the  rocking  91m^  //. 

From  tliat  ^saft  there 
projects  another  lever 
g,  which  is  depressed 
bj  the  tappet  .rod  G 
when  near  Uie  bot- 
tom of  its  down 
stroke,  so  as  to  lift 
the  piston  of  the 
pump.  A  tbird  arm 
j)ixvjecting  from  the 
same  shaft  y^  carries 
a  weight  t,  which,  a-* 
soon  as  the  tappet 
rod  ))egins  to  rise 
and  leave  the  lever 
g  free,  causes  the 
piston  to  descend 
^'^'  !««•  slowly. 

Meanwhile  the  tappet  rod,  when  at  the  bottom  of  its  desoetit. 
has  shut  the  exhaust  valve  by  means  of  the  tappet  y,  and  opened 
the  equilibrium  valve :  the  piston  has  ascended ;  and  at  the  top  of 
the  up  stroke  the  tappet  rod  has  shut  the  equilibrium  valve,  w> 
that  die  engine  is  ready  to  begin  a  new  stroke  so  soon  as  the  exhauHt 
valve  and  steam  valve  shall  be  re-opened. 

The  weight  i  continues  to  press  down  the  cataract  piston,  and  to 
cause  the  lever  g  to  rise.  This  lever  supports  a  small  vertical  rod, 
hidden  in  fig.  165  behind  the  tappet  rod  G,  from  which  small  rofl 
thei-e  projects  a  peg,  that  at  length  lifts  the  lever  k.  From  the 
lever  k  there  projects  a  catch  that  holds  a  tooth  projecting  from  the 
i-ocking  shaft  m,  and  prevents  that  shaft  from  turning  under  the 
action  of  the  loaded  rod  /  that  liangs  from  a  short  lever  projecting 
fix)m  the  shaft  m.  When  the  lever  k  is  lifted,  the  shaft  m  ia  set 
fi-ee,  wl.ereupon  I  descends,  m  tuiiis,  the  handle  n  projecting  from 
m  rises;  the  short  lever  projecting  from  m  pulls  the  loaded  rod  op 
towards  the  right  of  the  figure,  which,  through  the  bell  cnmk  p^r, 
lifts  the  spindle  s  of  the  exhaust  valve,  and  opens  that  valve  so  an 
to  let  the  steam  from  below  the  piston  escape  to  the  eondenaer. 

The  before- mentioned  vertical  rod  resting  on  g  continues  to  rise ; 
a  peg  projecting  from  it  lifts  the  lever  t,  similarly  plaeed  to  k,  but 
higher,  and  in  the  same  manner  as  a  catch  on  k  liberates  a  weight 
whose  descent  opens  the  exhaust  valve,  a  catoh  on  i  libenitos  a 
freight  whose  descent  opens  the  steam  valve.  The  steam  is  admitted, 
and  the  down  stroke  begina. 
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At  a  point  of  tbe  down  sti'oke  6x«d  by  adjusting  the  position  of 
the  loBg  taj^Mt  X  on  the  tippet  rod,  that  tappet  presses  dorm  the 
handle  u  as  to  shut  the  steam  valve,  and  hold  it  shut  for  the 
rfnuaaoder  of  the  stroke,  which  is  performed  by  expansion. 

As  the  down  stroke  is  completed  the  cycle  of  operations  already 
described  recommences. 

The  ascent  of  the  piston  while  the  equilibrium  valve  is  open  is 
produced  by  a  slight  preponderance  of  the  weight  of  the  main  pump 
rod  and  its  load  above  the  weight  and  resistance  of  the  column  of 
water  which  the  plungers  raise.  The  energy  exerted  by  the  steam 
on  the  piston  during  the  down  stroke  is  stored  in  lifting  the  pump 
rod  and  its  load,  as  has  been  explained  in  Ai*ticle  32,  page  37. 
The  cylinders  of  Cornish  engines  are  jacketed  above,  below,  and  all 
round,  and  clothed  with  felt  and  planking. 

In  direct  (icting  non-rotative  pumping  engines  the  up  stroke  is 
the  effective  stroke,  the  steam  being  admitted  and  expanded  below 
the  piston,  then  passed  by  the  equilibrium  valve  from  the  bottom  to 
the  top  of  the  cylinder,  and  then  discharged  into  the  condenser. 
The  ai'iiingement  of  the  mechanism  somewhat  resembles  that  of  the 
water  pressure  engine  in  Article  132,  fig.  40 — except  that  in  general 
the  piston  rod  proceeds  upwards  through  a  stuffing-box  in  the  cylin- 
der cover,  and  carries  at  the  top  a  cross-head,  from  the  ends  of  which 
hang  links,  attached  at  their  lower  ends  to  the  cross-head  of  the 
f»ump  rod.  Another  arrangement  is,  to  have  a  pair  of  similar  and 
equal  cylinders,  standing  side  by  side,  whose  piston  rods  support  tlie 
ends  of  a  cross-head,  from  the  middle  of  which  the  pump  rod 
hangs. 

381.  AMibie  Acting  Paaipi^g  Ensines  are  now  very  common,  in 
which  the  piston  ixxi  of  a  double  acting  pump  is  continuous  with 
that  of  the  engine.  Such  engines  ai-e  rotative,  having  a  fly-wheel 
diiven  by  means  of  a  crank  for  the  purpose  of  making  the  motion 
steady.     The  cylinder  and  pump  are  often  horizontal. 

382.  B«naii»le  •f  Verflcnl    lnv«*rf«<l    Acrcw  .llarlnc   RHglne*. — On 

the  introduction  of  the  Screw-propeller  for  ocean-going  steam- 
ships, the  design  of  the  engines  was  very  much  altered  from  that 
so  long  in  use  for  paddle  steamers,  and  various  arrangements 
were  tried,  toothed  wheel  gearing  being  employed  in  some 
cases  to  connect  the  engine  with  the  screw  shaft.  Latterly,  the 
inverted  form  of  engine,  now  so  well  known,  was  adopted,  which, 
by  its  direct  action  and  general  design,  was  well  suited  for  the 
,high  piston  speeds  found  to  be  favoui*able  to  economy.  Messrs. 
.£lder  of  Glasgow,  who  successfully  introduced  the  compound 
engine  into  marine  practice,  early  adopted  for  lai*ge  ocean- 
going steamers  an  arrangement  of  three  cylinders  whose  pistons 
•vorfasd  on  three  pranks,  thus  givin^j  great  uniformity  of  action. 
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and  lessening  the  extreme  stresses  on  the  cranks  and  shaft  to 
which  they  were  liable  when  only  one  or  two  cranks  are  used. 

As  successful  applications  of  this  principle,  the  figs.  167  and 
168  show  the  compound  engines  of  the  Arizona,  built  and 
engined  by  Messrs.  Elder  for  the  Atlantic  service. 


Fig.  167. 

Fig.  167  shows  the  engine  in  elevation,  whilst  fig.  168  is  a 
section  through  one  of  the  low-pressure  cylinders. 

The  high-pressure  cylinder  is  62  inches  diameter,  and  the  low- 
pressure  cylinders  are  each  90  inches  diameter,  the  stroke  being 
5  feet  6  inches.  The  cylinders  are  fitted  with  oast-iron  liners, 
and  are  steam  jacketed.  The  valves  are  of  the  equilibrium 
piston  type.  The  suriaoe-condenser  has  a  surface  of  12,540 
square  feet.     (See  also  pp.  559,  581,  and  585.) 

The  crank  shafts  for  such  engines  are  built  up  of  several  pieoeSy 
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ilie  webs  being  shrunk  on  to  the  shafts  and  crank  pins,  the 
allowance  for  shrinkage  being  about  one  thousandth  part  of  the 
diameter. 

The  whole  line  of  shafting  is  made  up  of  the  crank  shaft|  the 


Fig.  168. 

intermediate  shaft  with  thrust  block,  and  the  propeller  shaft. 
The  latter  works  in  a  stuffing  box  at  the  inner  end  of  the  stem 
tube,  the  outer  bearing  being  of  lignum vit«. 

The  crank  shaft  should  be  suitably  proportioned  for  the  strains 
it  has  to  bear.     (See  Articles  74  and  76,  pp.  78,  79.) 
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Th«  dunneter  of  the  ci^ank  pin  is  usually  about  the  same  as 
that  of  the  ci*ank  shaft. 

The  exposed  end  of  the  propeller  shaft  is  liable  to  corrosion, 
and  many  methods  have  been  adopted  to  prevent  this  action, 
which  seems  to  be  largely  electrical,  from  the  contact  of  the  brass 
liner  and  the  iron  or  steel  of  the  shaft.  The  extreme  outer  end 
•ot  the  propeller  shaft  is  tapered,  say  to  1  in  12,  and  the  projieller 
lioss  fitted  on  and  secured  with  a  key  and  nut 


Section  7. — Locomotive  Engines. 

383.  Befercatce  lo  Prrri«n«  ArficiM. — Besides  the  general  chanic- 
teristics  which  locomotive  engines  possess  in  common  with  other 
«team  engines,  the  peculiarities  of  those  eogines  have  been  frequently 
refeiTed  to  in  prcvious  ^vtA  of  this  work,  and  especially  in  the  fol- 
lowing places : — 

Article  220,  page  281  (su|>i)ly  of  air  to  fuel). 

Article  230,  pages  282,  283  (distribution  of  air,  and  contrivances 
to  prevent  smoke.) 

Article  232,  page  285  (rate  of  combustion). 

Article  234,  Division  IV.,  pages  293  to  21i7,  especially  examples 
IV.,  v.,  VI.,  VII.,  VIII.  (efficiency  of  furnace  and  evaporative 
jKjwer  of  fuel). 

Article  280,  pages  382,  383  (back  pi-essure). 

Article  286,  jMige  396  (use  of  heating  the  cylinder  externally). 

Article  289  a,  |)age  412  (use  of  high  pressure  condensation). 

Article  290,  pages  413  to  416  (resistance  of  the  regulator). 

Articles  303,  304,  305,  pages  449  to  452  (furnace  and  boiler). 

Article  306,  {mg^i  4o6  (grate  and  its  ash-pan). 

Article  308,  page  4.57  (height  of  furnace). 

Article  312,  page  459  (tire-box  stays). 

Article  312,  i>age  460  (tubes  and  boiler  shell). 

Article  315,  page  463  (boiler  room). 

Article  317,  page  465  (safety  valves). 

Article  341,  page  485  (throttle  valve). 

Article  347,  pages  491  to  496  (expansion  by  the  link  motion). 

384.  Adkeitioii  of  ^Vhi-ri*.— ^The  tractive  efibrt  which  a  locomo- 
'tive  engine  can  exert  is  limited,  not  only  by  a  quantity  depending 
on  the  dimensions  of  the  cylinder  and  driving  wheels  BXkd  the  effec- 
tive pretBure  of  the  steam,  but  ahw  by  the  adhesion  between  the  driv- 
ing wheels  and  the  rails,  which  means  the  friction  between  them, 
acting  so  as  to  prevent  slipping.  If  the  resistance  of  the  load  drawn 
exceeds  the  adhesion,  the  wheels  turn  round  without  advancing. 

The  adhesion  is  equal  to  the  procac^  of  that  part  of  the  weight  of 
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the  engine  which  rests  on  the  driving  wheels  into  a  co-efficient  of 
friction  which  depends  on  the  condition  of  the  sni-faces  of  the  wheels 
and  rails.  The  value  of  that  co-efficient  is  from  0*15  to  0-2,  when 
wheels  and  rails  are  clean  and  dry;  but  when  they  are  damp  and 
sKmy,  or  in  the  condition  called  "  greasy,"  it  diminishes  sometimes 
to  0  07  or  0*05.  About  O'l  may  be  considered  an  average  ordinary 
value. 

The  proportion  of  the  weight  of  the  engine  which  rests  on  the 
driving  wheels  depends  on  the  number  and  arrangement  of  the 
wheels,  the  number  of  pairs  driven  by  the  engine,  and  Uie  disftribu- 
tion  of  the  load  upon  them.  The  number  of  wheels  ranges  from 
two  to  five  pairs — the  most  common  number  being  three  pftir»~-of 
these  from  one  pair  to  the  whole  are  driven  by  the  engine.  The 
proportion  of  the  weight  of  the  engine  which  rests  on  the  driving 
wheels  may  be  estimated  to  range  from  one- third  to  the  whole. 
One-half  is  probably  the  most  usual  pi*oportion  in  six-wheeled 
engines  with  one  pair  of  driving  wheels  under  the  middle  of  the 
engine,  which  is  the  most  common  armngement  in  passenger 
iMigines ;  two- thirds,  in  six- wheeled  and  eight- wheeled  engines  with 
two  pail's  of  wheels  coupled  so  as  to  be  driven  by  the  engines, 
which  is  a  common  arrangement  in  goods  engines.  £ngines  with  all 
the  wheels  coupled  are  used  for  slow  and  heavy  trains,  and  in  them, 
of  course,  the  whole  weight  rests  on  driving  wheels. 

The  weights  of  locomotive  engines  range  from  30  to  above  40 
tons;  passenger  engine  (see  plate)  weighs  41  tons;  tender,  24  tons. 
^Vheu  the  stock  of  fuel  and  water  are  carried  in  a  tender,  the  weight 
of  the  engine  itself  is  alone  available  to  produce  adhesion,  unless, 
as  is  sometimes  the  case  on  very  steep  railways,  the  wheels  of  the 
tender  are  coupled  to  those  of  the  engine  by  gearing  chains  and 
pulleys.  Some  engines,  called  tank  engines,  carry  their  own  stock  of 
fuel  and  water — ^the  fuel  on  the  platform  behind  the  fire-box,  and  the 
water  in  a  tank  above  the  barrel  of  the  boiler—  and  in  them  the 
adhesion  is  greatest  on  first  starting  from  a  station  where  fuel  and 
water  are  taken  in,  and  gradually  diminishes  as  the  stock  is  con- 
sumed. 

385.     Rrslalance    •f  Engine*    and    Tniin*. — The     authority    nOW 

chiefly  relied  upon  for  the  resistance  of  engines  and  trains  on 
railways  is  that  of  a  series  of  experiments  by  Mr.  Gooch  on  the 
broad  gauge.  The  following  empirical  formula  represents  with 
tolerable  accuracy  the  results  of  those  experiments : — 

Let  E  be  the  weight  of  the  engine  and  tender  in  tons. 

T,  the  weight  of  the  train  in  tons, 

V,  the  velocity  in  miles  an  fiour. 

t,  the  inclination  of  the  line,  expressed  as  a  fraction ;  ascent* 
being  considered  as  positive,  and  descents  as  negative. 
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Resistanoe  of  the  train  in  lbs. 

=  [6  +  0-3(V— 10)=fc22404T; (!•) 

Reaiatance  of  the  engine  and  tender  in  lbs. 

=  [12  +  0-6  (V—10)±2240t;E; (2.) 

Total  resistance  in  lbs. 

=  U+0-3(V— 10)}(T+2E)=±:2240i(T+E) (3.) 

At  velooitittiless  than  ten  miles  an  hour  the  term  containing  V — 10 
is  to  be  omitted :  the  resistance  being  sensibly  constant  below  that 
sijeecL 

Mr.  D.  K.  Clark  prefers  to  such  formula  as  the  above,  another 
set  of  formulae  in  which  the  resistance  is  treated  as  consisting  of  a 
constant  part,  and  a  part  increasing  as  the  square  of  the  speed ;  as 
ibllows : — 

Resistance  in  lbs.  per  ton  of  engine  and  train ;  road  and  carriagea 
in  smooth  nmning  condition;  weather  calm; 

6  +  ^=1=  2240tj (4.> 

Road  and  carriages  not  in  smooth  running  condition;  side  wind; 

9  +  j^=J=2240»; (5.) 

The  resistance  on  a  curve  exceeds  that  on  a  straight  line,  accord- 
ing to  experiments  by  different  authors,  to  the  amount  of 

from  0-6  lb.  to  1-4  lb.  per  ton  .^ 

radius  of  curve  in  miles      

To  allow  for  the  resistance  of  the  mechanism  of  the  engine,  Mr. 
Clark  adds  one-third  to  the  resistance,  as  calculated  abova  ^ 

The  mean  effective  effort  of  the  steam  on  the  pistons  required  to 
overcome  a  given  total  resistance  of  engine  and  train  is  given  by  the 
following  equation,  in  which  A  is  the  total  area  of  both  pUtoM,  and 
Pm  -Pz  the  mean  effective  premire. 

Total  resistance  x  circumference  of  driving  wheel    /g^v 
A.  (Pm -;>»)=  2  X  lengthof  stroke  of  piston  '"^    ^ 

(See  page  538.)  *  ^ 

386.  The  Baiaacinf  •f  Bagiitca,  both  as  to  centrifugal  forces  and 
centrifugal  couples,  is  of  great  importance  as  a  means  of  preventii^ 
dangerous  oscillation&  The  principle  according  to  which  it  ia 
effed;ed  is,  to  conceive  the  mass  of  the  pistons,  piston  rods,  and 
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connecting  rods,  and  a  weight  having  the  same  statical  moment 
as  the  crank,  as  concentrated  at  the  crank  pins,  and  to  insert 
between  the  spokes  of  the  driving  wheels  counterpoises  whose 
weights  and  positions  are  regulated  by  the  principles  explained  in 
Articles  21  and  22,  pages  27  to  30. 

The  following  are  the  formula  to  which  these  principles  lead : — 

Data — 

W,  total  weight  conceived  to  be  concentrated  at  one  crank  pin. 

c,  leogth  of  the  crank,  measui'ed  from  the  axis  of  the  axle  to  the 
centre  of  the  ci'ank  pin. 

a,  distance  of  the  centime  of  the  crank  pin,  measured  parallel  to  the 
axle,  from  the  middle  of  the  length  of  the  axle. 

by  distance  of  the  centre  of  a  wheel  from  the  middle  of  the  length 
of  the  axle. 

r,  radius- vector  of  each  counterpoise;  being  the  distance  of  its 
centre  of  gravity  from  the  axis  of  the  axle. 

Required — 

t,  angle  which  that  radius-vector  makes  with  a  plane  traversing 
the  axis  in  a  direction  midway  between  the  directions  of  the  two 
cranks,  and  pointing  the  opposite  way  to  those  directions.  The 
cranks  being  at  right  angles  to  each  other,  make  angles  of  135°  with 
the  plane  in  question. 

fi7,  weight  of  each  counterpoise. 

Results — 

i  =  arc  tan  •  -; (1.) 

«7=W      -  •  \/        ^.^  -^ r (2.) 

rV      2  6*        2'rcost  ^    ' 

In  practice,  those  formula  may  be  used  to  find  a  first  approxi- 
mation to  the  required  position  and  weight  of  the  counterpoises; 
but  the  final  adjustment  is  always  performed  by  trial;  the  engine 
being  hung  up  by  chains  attached  to  the  four  corners  of  its  frame, 
and  the  machinery  set  in  motion :  a  pencil  attached  to  the  frame 
near  one  angle,  marks,  on  a  horizontal  card,  the  form  of  the  oscilla- 
tions, being  usually  an  oval;  and  the  counterpoises  are  adjusted 
until  the  orbit  described  by  the  pencil  is  reduced  to  the  least 
fiossible  magnitude.  When  the  adjustment  is  successful,  the 
diameter  of  that  orbit  is  reduced  to  about  iV  of  an  inch. 

387.  The  bi«m  pipe  has  the  effect  of  adjusting  the  draught  of 
the  furnace,  and  consequently  the  rate  of  consumption  of  fuel,  to 
the  work  to  be  performed  by  the  engine  with  very  different  loads, 
and  at  veiy  different  speeds;  and  is  on  that  account  perhaps  the 
most  impoi'tant  of  the  peculiar  parts  of  the  locomotive  engina 
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Its  effect  upon  the  back  pressure  in  the  cylinder  has  already  been 
considered  in  Article  280,  pages  382,  383. 

The  effect  of  the  bla^t  pipe  in  producing  a  draught  depends  upon 
its  own  diameter  and  position,  on  the  diameter  of  the  chimney,  and 
on  the  dimensions  of  the  fire-box,  tubes,  and  smoke-box.  Mr.  D.  K. 
Clark  has  investigated  the  influence  of  these  circumstances  from 
his  own  experiments,  and  from  those  of  Messrs.  Eamsbottoui, 
Poloncean,  and  others,  and  ha.s  shown  that  the  vacr.um  in  the 
smoke-box  is  about  0*7  of  the  blast  pressure :  that  the  vacuum  in 
the  fire-box  is  from  J  to  J  of  that  in  the  smoke-box :  that  the  rat« 
of  eva]X)i*ation  varies  nearly  as  the  square  root  of  the  vacuum  in 
the  smoke- lx>x :  that  the  liest  proportions  of  the  chimney  and  other 
pai-ts  are  those  which  enable  a  given  draught  to  be  produced  with 
the  gi*eatest  diameter  of  blast  pipe,  because  the  greater  that 
diameter,  the  less  is  the  back  pressure  produced  by  the  resistance 
of  the  orifice :  that  the  same  proportions  are  beat  at  all  rates  of 
exjiansion  and  at  all  speeds:  and  that  the  following  proportions 
are  about  the  best  known : — 

Sectional  area  of  tul>es  within  ferules, =   .  area  of  grate. 

Sectional  area  of  chimney, =  .-^  area  of  giateu 


Area  of  blast  orifice  (which  should  be  |        j 

somewhat   below  the    throat  of    the  V  =  ^  area  of  grate, 
chimney,) ) 

Capacity  of  smoke-box, =  3  feet  v  area  of  grate. 

Length  of  chimney, =  its  diameter  x  4. 


If  the  tubes  are  smaller,  the  blast  orifice  must  be  made  smaller 
also;  for  example,  if 

Sectional  area  of  tubes  within  feniles —  TTi  ^'^^  ^  g^^. 

Then  area  of  blast  orifice ^  qo  ^^'^^  of  giata 

388.  EzampiM  •r  i^MMHAiire  Kagiiaeii. — The  examples  here  given 
are  from  two  locomotive  engines  by  Messrs.  Neilson  &  Co.,  which  are 
selected,  like  the  screw  marine  engines  of  Article  382,  because  they 
are  good  and  efficient  specimens  of  the  class  of  engines  to  which 
they  belong,  and  have  nothing  unusual  in  their  proportions  and 
arrangements.     (See  plate ;  also  page  587.) 

Fig.  169  is  a  side  view  copied  from  a  photograph  of  a  six- wheeled 
engine,  with  two  pairs  of  wheels  coupled  ltd  scale  is  about  A  <>^ 
the  real  dimensions. 
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Fig.  1 7Q  is  a  longitudioal  section  of  an  engine  of  the  same  class 
with  the  preceding,  but  with  somewhat  larger  driving  wheels,  beings 
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intended  for  a  less  steep  line  and  higher  speedij.  The  scale  is  Vg  of 
the  i-eal  dimensions.     The  details  of  the  valve  gearing  are  omitted. 

Fig.  171  shows,  at  the  left-hand  side,  a  cross-section  through 
half  the  fire-box,  and  at  the  right-hand  side,  a  cross-section  through 
half  the  smoke-box.  of  the  same  engine. 

Fig.  172  is  an  elevation  of  the  valve  gearing  of  one  cylinder, 
with  the  cover  taken  off  the  valve  chest  to  show  the  slide  valve  and 
ports. 

Fig.  173  shows  a  plan  of  the  valve  geanng  of  one  cylinder,  and 
a  longitudinal  section  of  the  cylinder  and  vah^e  chest. 

The  scale  of  figs.  171,  172,  and  173,  is  it  of  the  real  dimen- 
sions. 

A  is  the  ash-pan;  B,  the  grate;  C,  the  fire-box.  In  fig.  170,. 
the  heads  of  the  bolts  which  tie  the  outer  and  inner  shells  of  the 
fire-box  together  are  irregularly  placed ;  but  that  is  an  oversight- 
in  the  engi-aving;  they  ought  to  be  ranged  in  vertical  and  hori- 
zontal lines.     D  is  the  fire-door. 

E  are  the  tubes,  extending  from  the  fiiSe-box  to  the  smoke-box 
F.     G  is  the  lower  end  of  the  chimney. 

I  is  one  of  the  horizontal  feed  pumps,  worked  by  a  link  from  one- 
of  the  eccentrica  H  is  the  supply  pipe  from  the  water  tank  of  the 
tender;  K,  the  feed  pipe,  leading  to  the  boiler. 

L  is  the  water  space  round  the  fire-box ;  M,  the  water  space'and 
steam  space  above  it. 

N  are  longitudinal  ribs,  to  which  the  crown  of  the  fire-box  is 
stayed,  as  explained  in  Article  31 2,  page  459.    The  crown  receiver 
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additional  support  from  vertical  stay  bars,  hanging  from  the  sidei 
of  the  steam  dome. 


I 


Fig.  171. 

O  is  the  space  above  the  tubes,  in  the  barrel  of  the  boiler.  P  is 
the  steam  dome,  on  the  top  of  the  external  shell  above  the  fire-box. 
This  part  of  the  shell  in  the  engine  represented  is  of  a  radius  a 
little  greater  than  the  barrel  of  the  boiler;  but  in  many  engines 
(for  example,  those  of  Messrs.  Kitson  &  Co.)  it  is  made  of  the  same 
radimL 
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Q  is  one  of  the  safety  valves.  ThB  other  safety  valve  is  omitted 
in  fig.  170,  but  shown  in  fig.  169,  as  standing  on  the  middle  of  the 
barrel  of  the  boiler.    ' 

R,  R,  R,  is  the  steam  pipe,  bringing  steam  down  from  the  dome, 
and  along  the  top  of  the  barrel. 

S,  S,  the  regulator,  a  conical  valve  worked  by  a  screw.  T, 
branch  steam  pipe;  U,  slide  valve  chest;  V,  slide  valve;  W,  W, 
cylinder  ports;  X,  cylinder;  Y,  exhaust  port;  Z,  exhaust  pipe. 
The  two  exhaust  pipeR  unite  in  the  blast  pipe  a. 

b,  piston ;  c,  piston  rod :  d,  connecting  rod,  dri^ing  a  crank  on 
the  front  driving  axle/;  «,  coupling  rod,  connecting  cranks  on  the 
front  driving  axle  /  and  hind  driving  axle  h,  g,  front  driving 
wheel ;  k,  hind  driving  wheel. 

/,  forward  eccentric,  and  m,  backward  eccentric,  of  the  left  .slide 
valve.  TO,  forward  eccentric  i-od;  o,  backward  eccentric  rod.  These 
rods  are  jointed  to  the  two  ends  of  the  link  />,  which  is  jointed  at 
the  centre  to  and  supported  by  a  nearly  vertical  bridle  or  lever, 
oficillating  about  a  fixed  centre,  ris  the  slide  valve  rod,  and  q  the 
connecting  rod,  through  which  the  rod  r  receives  motion  from  a 
slider  in  the  link  p.  The  radius  of  the  centre  line  of  the  link  is 
the  length  of  the  rod  q.  The  slider  and  the  rod  q  are  shifted  into 
different  positions,  so  as  to  alter  the  expansion  or  reverse  the  engine 
when  required  (as  explained  in  Article  348,  page  497)  by  means 
of  the  rod  «,  oonnected  with  the  lever  t  A  pair  of  those  levei-s,  to 
act  on  the  two  link  motions  at  once,  project  from  the  rocking  shaft 
u.  On  the  left-hand  outer  end  of  that  shaft  is  a  vei-tical  lever, 
connected  through  a  long  rod  t;  (partly  seen  in  fig.  170),  with  tlie 
reversing  handle  w,  by  means  of  which  the  engine  driver  controls 
tlie  link  motion. 

In  the  figure,  the  reversing  handle  is  pimply  a  lever:  but  iu 
many  engines  as  now  constructed,  it  acts  on  the  rod  v  by  means  of 
a  .screw,  which  is  safer  and  more  convenient. 

x,  ac,  05,  are  the  springs ;  y.  a  balance  lever  to  distribute  the  load 
equally  between  the  two  jwiirs  of  driving  wheels,  notwithstanding 
irregularities  in  the  surface  uf  the  rails;  z,  training  axle  and  wheel. 

3^9.  i^Ac^HMCiTc  JEwtoM  f«r  €nmiii*n  B«Ni«ia  were  invented  by 
Mr.  Gumey,  Sir  James  Anderson,  Mr.  Scott  Kussell,  and  others. 
For  many  years  they  fell  into  disuse ;  but  have  been  revivetl  in 
the  form  of  "  traction  engines."  These  machines  are  adai)ted  to 
drawing  trains  of  heavily  laden  vehicles  at  a  low  speed,  such  as 
four  or  five  miles  an  hour.  To  insure  that  the  driving  wheels 
Khali  take  A  sufilcient  hold  of  the  road,  without  injuring  its  surface, 
they  are  made  very  broad  in  the  tire,  sometimes  as  much  as  a  foot,' 
and  are  sometimes  transversely  or  obliquely  ribbed.  The  tmction 
engine  or  road  locomotive  of  Mr.  R.  W.  Thomson,  has  on  each  of 
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the  wheelB  an  indian  rubber  tire,  about  12  incbes  broad  and  9 
inches  thick.  These  are  found  to  answer  well  on  all  sorts  of 
ground,  hard  and  soft,  rough  and  smooth. 
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390.  The  wumeti^m  mtemm  Ba«toe,  in  a  rude  form,  is  described  in 
the  FneumoUics  of  Hero  of  Alexandria.  It  was  improved  and 
brought  into  use  to  a  limited  extent  bj  Mr.  Ruthven.  Its  principle 
and  mode  of  action  are  analogous  to  those  of  a  reaction  water  wheel 
(Article  171,  page  190;  Article  176,  page  197.) 

391.  The  Faa  iNcMHi  Em«i»c  invented  bj  Mr.  William  Gorman, 
is  analogous  in  its  principle  and  mode  of  action  to  an  inward  flow 
water  turbine,  (Article  171,  page  191;  Article  173,  page  193; 
Article  174,  pages  194,  195,  196,  kc)  An  engine  of  tins  kind 
was  used  at  the  Glasgow  City  >Saw  Mills,  and  was  considered 
equal  in  efficiency  to  an  ordinary  high  pressure  engine  (see  page 
631).  

Addendum  to  Article  385,  page  530. 

€«fl«icr-iprcMflra  Sieaat  In   ■.•c«Hi«f Ires.— Steam  is  said  to  act  by 

eourUer-presture,  when  the  valves  are  put  in  backward  gear  during  the 
forward  motion  of  the  engine,  so  as  to  make  the  cylinders  oommonicate  with 
the  exhaust-pipe  during  the  forward  stroke,  and  with  the  boiler  during  the 
latter  part  of  the  return  stroke.  The  cylinders  thus  act  as  pumps,  forcing 
vapour  into  the  boiler  against  the  pressure  there.  The  use  of  that  action  is 
to  do  the  duty  of  a  brake,  in  retarding  or  stopping  the  train  when  required, 
and  in  preventing  excessive  acceleration  on  descending  gradients. 

When  the  cyhnders,  acting  in  this  manner,  used  to  draw  in  air  at  the 
bUst'pipe  and  force  it  into  the  boiler,  great  injury  was  done  by  the  dust 
and  heat  In  order  to  prevent  that,  M.  le  Chateher  mtroduced  the  system  of 
supjilying  the  exhaust-pipe  of  each  cylinder,  when  working  at  counter- 
pressure,  with  a  mixture  of  licjuid  water  and  steam  from  the  boiler,  in 
quantity  sufficient  to  cause  a  slisht  escape  of  steam  from  the  blast-pipe,  and 
thus  to  prevent  the  entrance  of  hot  air  and  dust  The  liquid  water  and 
steam  are  led  frY>m  the  boiler  to  the  exhaust-pipes  through  tubes  about  4  or 
1-inch  diameter,  with  suitable  occks  or  valves  to  adjust  tiie  quantities  sup- 
plied. The  water,  during  the  forward  stroke  of  the  piston,  expands  into 
steam  of  atmospheric  pressurei  filling  the  cylinder,  and  partly  escaping  at 
the  bUst-pipe ;  during  the  return  stroke  that  steam  is  compressed  till  it 
rises  to  a  high  pressure,  and  is  tben  forced  back  into  the  boiler.  (See  pUts^ 
u.  534,  also  p.  566;  an»l  M.  le  Chatelier's  M4moire  iur  la  Marehe  d  dotUrt- 
rapeur  des  Machines  LttecmUives^  Paris,  1869;  also  the  English  translation 
of  that  Memoir,  by  BIr.  Lewis  D.  B.  Gordon,  entitled  HaUipaj  JSoonomn, 
Edinburgh,  1869.)  ^ 
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392.  ■■iM«iflcfMT  KcMMirk*. —  Although  the  principles  of  the 
development  of  mechanical  energy  from  chemical  action  through 
the  agency  of  electric  and  magnetic  forces  might  he  made  the  sub- 
ject of  a  voluminous  treatise  which  would  be  highly  interesting  in 
a  scientific  point  of  view,  the  amount  of  experience  of  the  actual 
w^orking  of  electi'o-magnetic  engines  is  not  yet  sufficient  to  supply 
those  data  which  are  necessary  in  order  to  render  such  a  treatise 
practically  valuable.  In  the  present  work,  therefore,  a  brief  outline 
only  of  those  principles  will  be  given,  illustrated  by  descriptions 
of  three  forms  of  engine,  two  of  which  are  selected  on  account 
of  their  simplicity,  and  probable  efficiency,  though  hitherto  used 
as  pieces  of  philosophical  apparatus  only;  and  the  third,  on 
account  of  its  having  been  for  some  years  in  practical  operation. 

The  experimental  data  to  be  afterwards  referred  to  are  for  the 
most  part  due  to  the  researches  of  Dr.  Joule  and  Dr.  Andrews. 
The  theory  of  the  subject  was  first  correctly  set  forth  by  Professor 
Helmholtz,  and  Professor  William  Thomson,  in  a  series  of  papers 
published  respectively  in  Poggendorff*s  AnruUen,  and  in  the 
Philosophical  Transactions  and  Philosophical  Jfagazine.  especially 
two  papers  in  the  Philosophical  Magazine  for  December,  1851. 
The  summary  of  that  theory  which  will  be  given  is  in  the  main 
extracted  from  a  paper  by  the  Author  of  this  work  "On  the  General 
Law  of  the  Transformation  of  Energy"  (Phil.  Mag,,  1853). 

393.  Kmovt*  Acinai  an«i  PoteMiial. — Erucrgy  has  been  defined  in 
Article  25,  page  32;  and  the  distinction  between  actual  and 
potential  energy  has  been  explained,  so  far  as  it  relates  to  mechan- 
ical energy,  or  energy  of  motion  and  of  force  tending  to  produce 
motion,  in  the  same  Article,  and  in  Article  31,  pages  35,  36.  It  has 
further  been  explained  in  Article  196,  page  224,  and  Articles  235, 
236,  pages  299,  300,  that  heat  is  a  form  of  energy.  In  order  to 
understand  the  application  of  certain  general  laws  respecting  energy 
to  electricity  and  magnetism,  the  definitions  of  energy,  actual  and 
potential,  must  be  extended  so  as  to  become  perfectly  general  and 
abstract,  as  follows : — 

A  capacity  for  performing  work  is  to  be  called  actual  enerot, 
when  it  consists  in  a  state  of  present  activity  of  a  substance,  sucb 
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as  motion,  heat,  current  electricity;  and  potential  energy,  when 
it  consists  in  a  tendency  of  a  certain  magnitude  towards  a  change 
of  a  certain  maguitude.  such  as  mechanical  potential  energy  (that 
is,  weight  or  pressure  cafmble  of  acting  through  a  given  space), 
chemical  affinity,  electrical  tension,  magnetic  tension. 

The  general  law  oftJtje  tramtfornuUion  of  energy  has  already  been 
stated  in  Article  244,  page  309.  The  principles  which  will  be 
explained  in  the  sequel  are  instances  of  its  application  to  the  actual 
enei-gy  of  current  electricity,  and  the  potential  enei^  of  electro- 
magnetic attiuction. 

394.  The  Rnrrgy  of  Chewicni  Actioa  is  the  source  of  the  {lOwer 
of  electro-magnetic  engines,  as  it  is  of  that  of  heat  engines. 
Clientical  affinity,  or  the  tendency  of  two  substances  to  combine 
chemically,  is  a  sort  of  potential  energy,  which,  when  the  substance^i 
actually  do  combine,  is  replaced  by  actual  energy  in  the  form  of 
heat,  or  of  current  electricity,  or  of  both  combined.  Examples  of 
the  quantities  of  energy  in  the  form  of  heat  produced  by  the  com- 
bination of  vaiious  substances  with  oxygen  have  been  given  under 
the  head  of  "  Combustion,"  in  Articles  223,  224,  pages  267  to  273; 
and  those  quantities  can  be  expivssed  in  foot-pounds  of  energy 
by  multiplying  by  Jt»ule's  equivalent  of  a  British  thermal  unit, 
772. 

It  is  sometimes  difficult  or  impossible  to  obtain  the  whole 
energy  produced  by  a  given  chemical  combination  at  once  in  the 
form  of  heat.  In  that  case,  the  energy  may  be  obtained  tii>t 
in  the  form  of  currcnt  electricity,  and  reduced  afterwards  to  the 
foim  of  heat 

The  following  are  the  data  of  the  greatest  imix>rtance  in  the 
theory  of  electro-magnetic  engines : — 

I.  Energy  deveh)|)ed  by  the  solution  of  one  lb.  of  zinc  in 
Danieirs  battery,  the  liquid  in  the  cells  being  a  solution  of  sul- 
phate of  cop}ier  in  water — 

BHtibh  thennal 
units. 
Heat  produced  by  the  combination  of  zinc  with 
oxygen  and  sulphuric  acid,  and  the  solution  of 
the  compound  in  water, 3006 

Heat  consumed  in  separating  copper  in  the  solid 
state  from  the  solution  of  sulphate  of  oo])per  in 
water, 1587 

[419 

1419  X  772  «  1,095,468  foot-lba  per  lb.  of  zina 
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This  is  less  than  one-tenth  of  the  total  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

II.  Ekiergy  developed  by  the  solution  of  one  lb.  of  ziuc  in  Smee's 
battery,  the  liquid  in  the  cells  being  dilute  sulphuric  acid— 

British  thermal 
wnts. 
Heat  produced    by  the   combination   of  zinc   with  | 

oxygen  and  sulphuric  acid,  and  the  solution    of  >    3006 
the  compound  in  water, ) 


Heat  eoniiumed  ia  separating  hydrogen  from  diluted 

f 

900 


} 


900  X  772  =  694,800  foot-lbs.  per  lb.  of  zinc 

This  is  about  one-sixteenth  part  of  the  energy  developed  by  burn- 
ing one  lb.  of  carbon. 

395.  Compnmlite  Cost  of  fr«rkin|[[  Eleclre-mnKurlic  Engine  nn«l 
ifcnt  BniKiiiciu — It  is  certain  that  the  efficiency  can  be  made  to 
approximate  much  more  nearly  to  unity,  the  limit  of  perfection,  in 
electro-magnetic  engines  than  in  heat  engines.  At  present,  how- 
ever, the  ratio  of  their  efficiencies  can  only  be  roughly  estimated ; 
and  it  may  be  considered  as  a  favoumble  view  towards  electi-o- 
niagnetic  engines,  to  estimate  their  greatest  possible  efficiency  as 
four  times  that  of  the  best  heat  engines  yet  known.  Taking  this 
into  account  along  with  the  results  of  the  cjilculations  in  the  pre- 
ceding Article,  it  appeal's  that  the  vx)rk  perfoi'med  per  pound  ofzhic 
consumed  may  be  estimated  as  follows : — 

I.  With  solution  of  sulphate  of  copper  in  the  cells,  ^V  of  the 
work  per  lb.  of  carbon  consumed  in  a  heat  engine. 

II.  With  dilute  sulphuric  acid  in  the  cells,  A  =  i  of  the  work 
per  lb.  of  carbon  consumed  in  a  heat  engine. 

Before,  therefore,  electro-magnetic  engines  can  become  equally 
economical  with  heat  engines  as  to  cost  of  working,  their  working 
ex]>ense  per  lb.  of  zinc  consumed  must  fall  until  it  is  from  four- 
teniJm  to  one  quarter  of  the  working  expense  of  a  heat  engine  per 
lb.  of  cai'bon,  or  of  coal  equivalent  to  carbon. 

The  present  price  (September,  1859)  of  sheet  zinc  is  between 
Jifiy  and  sixty  times  that  of  such  coal. 

It  is  evident  from  these  facts  and  calculations,  that  electro- 
magnetic engines  never  can  come  into  general  use  except  in  cases 
where  the  power  required  is  so  small  that  the  cost  of  material 
consumed  is  of  no  practical  importance,  and  the  situation  of  the 
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xnacliineiy  to  be  driven  is  such  as  to  make  it  very  desizaUe  to  have 
a  prime  mover  without  a  furnace. 

396.  An  Bi«ciM-ckeHiic«l  circflH  oonsists  of  a  battery,  with  a 
conductor  connecting  its  two  ends;  and  its  arrangement  may  be 
represented  symbolically  as  follows : — 

CLZCLZCLZCLZ 


This  repi^esents  a  battery  of  four  cells,  each  cell  being  denoted  by  the 
symbol  C  L  Z.  Z  denotes  a  plate  of  zinc,  the  substance  to  be  dis- 
solved;  L  the  solvent  liquid,  containing  the  substances  that  combine 
with  the  rinc;  C  a  plate  of  copper,  silver,  or  some  such  metal  which 
has  less  af&nity  for  the  solvent  than  the  zinc  has,  and  which  act« 
merely  as  a  conductor.  The  brace  ^—v^^  represents  symbolically  a 
metallic  wire  connecting  the  ends  of  the  battery.  The  chemical 
action  of  the  solvent  on  the  zinc  puts  the  entire  circuit  into  a 
peculiar  condition  described  by  saying,  that  there  is  a  current  of 
positive  dectricity  circulating  through  it,  in  each  cell,  from  Z  through 
L  to  C,  and  in  the  conductor  --v— '  from  0  to  Z:  not  that  the 
existence  of  the  so-called  electric  fluid  or  fluids  has  been  proved, 
but  that  the  use  of  terms  borrowed  from  those  which  commonly 
denote  the  motion  of  fluids  is  a  convenient  way  of  describing 
electrical  phenomena.  The  endmost  portions  of  the  conductor, 
where  it  joins  the  battery,  are  called  the  electrodes;  the  positive 
electrode  joining  C,  the  nc^tive  Z. 

The  strength  of  the  electric  current  is  a  quantity  proportional  to 
the  weight  of  some  standard  substance  which  it  is  capable  of 
decomposing  in  an  unit  of  time.  It  is  expressed  in  units  of  such  a 
kind,  that  a  current  of  unit  strength  decomposes 

•02  grain  of  water  per  second,  or 
•0103  lb.  of  water  per  hour. 

The  strength  of  the  current  produced  by  a  given  battery  is  pro- 
portional to  the  quantity  of  zinc  dissolved  in  a  given  time  in  one 
cell.  To  pixxiuce  a  current  of  unit  strength  requires  the  consump 
tion  in  each  cell  of 

•0728  grain  of  zinc  per  second,  or 
•03744  lb.  of  rinc  per  hour. 

Let  y  denote  the  sti'ength  of  the  current;  z  the  rinc  consumed 
per  eeU  per  hour,  in  lb& ;  then 
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^"•03744 ^^'^ 

The  dec^ro-motive  farce  of  a  battery  is  a  qiiantitj  such,  that  when 
it  is  multiplied  bj  the  strength  of  the  current,  the  product  is  the 
enei'gy  produced  by  the  battery  in  a  given  time  (such  as  an  hour). 
It  is  proportional  to  the  number  of  cells. 

Let  M,  then,  denote  the  electro-motive  force  of  one  cell,  n  the 
number  of  cells;  also,  let  E  be  the  energy  developed  per  lb.  of  zinc 
consumed,  as  stated  in  Article  394;  then 

Mwy  =  Ew«. (2.) 

So  that 

M  =  -03744  E  =  for  Darnell's  battery,  41014 ; )       /g  v 
for  Smee's  battery,      26013.  j  ""^  *^ 

In  these  values  of  M,  it  is  to  be  borne  in  mind,  that  the  unit  of 
force  is  one  pound  loeight,  and  the  unit  of  time  an  hotur.  In  Pro- 
fessor Thomson's  papers^  the  imit  of  force  is  ^^-^  of  the  weight  of 

%  grain,  and  the  unit  of  time  a  second. 

The  heat  produced  in  a  given  time  by  a  given  current  in  the 
same  circuit  is  proportional  to  the  square  of  the  strength  of  the 
current.     That  quantity  of  heat,  then,  is  expressed  by 

Ry*; (4.) 

Where  R  is  a  quantity  called  the  resigUmce  of  the  circuit,  being  the 
heat  developed  in  it  in  an  unit  of  time  by  a  current  of  unit 
strength. 

The  resistance  of  a  circuit  is  the  sum  of  the  resistances  of  the 
various  parts  of  which  it  consists,  comprehending  the  plates  and 
liquid  of  the  cells,  and  the  conductor  which  completes  the  circmt. 
The  resistances  of  conductoi*s  made  of  a  given  substance  are  directly 
as  their  lengths  and  inversely  as  their  sectional  areas,  or  directly  as 
the  squares  of  their  lengths  and  inversely  as  their  weights.  Let  I 
be  the  length  of  any  one  conductor  in  a  circuit,  in  feet,  whether 
solid  or  liquid;  w  its  weight,  in  lbs. ;  then 

»=^S; («> 

where  e  is  a  co-efficient  depending  on  the  material,  and  called  the 
specific  resieUmce  of  that  material     Professor  Thomson  gives  values 

of  e  in  which  the  unit  of  force  is  -^^  of  a  grain  weight,  the  unit 

2n 
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of  mass,  that  of  a  grain,  and  the  unit  of  time  one  second:  to 
reduce  these  to  values  in  which  the  unit  of  force  is  one  pound 
weighty  the  unit  of  mass,  that  of  a  pound,  and  the  unit  of  time 
one  hour,  they  are  to  be  multiplied  by 

3600  

82-2  X  49000000  ' 

The  following  ai'e  examples  of  the  results  of  that  reduction  for 
temperatures  of  50°  Fahrenheit : — 

Copper  wire, ^  =  from  176  to  128. 

Mercuiy, e  =  10,356. 

When  the  circuit  produces  no  chemical  decomposition  out  of  the 
cells,  no  magnetic  induction,  and  no  mechanical  or  other  external 
work,  the  whole  of  the  energy  developed  by  the  chemical  action  in 
the  cells  takes  the  form  of  heat  in  different  parts  of  the  circuit 
This  &ct  is  expressed  by  the  following  equation : — 

'Enz=z'MLny=:'Ry^; (6.) 

one  of  the  consequences  of  which  is  the  following : — 

'--K> ('■) 

or,  the  strength  of  the  currerU  is  directly  cu  the  electro-^notivejorce  and 
inversely  as  the  resistance  of  the  circuit;  being  the  celebrated  prin- 
ciple known  as  "  Ohm*s  Law." 

Another  consequence  shows  the  rapidity  of  chemical  action  in  a 
given  circuit,  viz. : — 

Mny  _  M*n* 

***=""£"""  ebt ^^'^ 


397.  BacicBcr  •r  Bigctf-M«g«atic  Bastaca. — Equations  1,  2,  3, 
4,  and  5  of  Article  396  are  applicable  to  all  electro-chemical  circuits 
whatsoever.  Equations  6,  7,  and  8  are  applicable  only  to  an  idle 
baUeryy  as  it  may  be  called,  in  which  all  the  energy  is  spent  in  pro- 
ducing heat  in  the  materials  of  the  circuit 

An  electric  circuit  may  move  mechanism  against  resistance,  and 
so  perform  mechanical  work,  in  three  ways. 

I.  By  the  mutual  attractions  and  repulsions  of  currents,  or  of 
parts  of  one  current  Currents  in  the  same  direction  attract,  and 
currents  in  contrary  directions  repel  each  other.  This  method  has 
been  used  in  philosophical  apparatus  only. 

II.  By  the  attractions  and  repulsions  betweoi  currents  and  per- 
manent magnets.     A  magnet  placed  with  its  south  pole  towards  the 
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eye  of  the  spectator  attracts  currents  whose  direction  is  that  ol 
right-handed  revolution  relatively  to  its  axis,  and  repels  those 
^whose  direction  is  that  of  left-handed  revolution. 

IIL  By  the  attractions  and  reptdsions  between  temporary  and 
permanent  magnets.  A  conductor  coiled  round  a  soft  iron  bar, 
"when  a  current  is  sent  through  it,  magnetizes  the  bar  in  that  direc- 
tion which  makes  it  attract  ^e  current,  according  to  the  principle 
stated  above  under  head  II. ;  when  the  current  ceases  the  magnetism 
ceases ;  when  the  current  is  reversed  the  direction  of  the  magnetism 
is  reversed.  Opposite  poles  of  magnets  attract,  similar  poles  repel 
each  other;  so  that  by  periodically  reversing  the  temporary  mag- 
netism of  a  soft  iron  bar,  it  may  be  made  to  take  a  reciprocating 
motion  towards  and  firom  a  permanent  magnet. 

I Y.  £y  the  mutual  attractions  of  temporary  magnets. 

The  efficiency  of  the  engine  in  all  those  cases  is  governed  by  two 
principles :  1.  T?ie  performance  qfextemcU  tcork  by  cm  dedric  circuU 
fpToduces  a  oov/nteractive  force,  opposing  the  dectromotive  force,  whose 
fnagnitude  ie  equal  to  the  eoctemal  work  performed  in  am,  unit  of  time 
divided  by  the  ebrength  of  Hie  currerU, 

Let  TJ  be  the  external  work  performed  in  an  hour  by  the  engine. 
This  gives  rise  to  a  certain  counteractive  force,  which  causes  the 
current  to  be  of  less  strength  than  that  which  the  battery  produces 
when  idle.  Let  y  be  the  strength  of  the  current  in  the  idle  circuit, 
as  given  by  equation  6  of  Article  396 ;  and  y'  the  strength  when  the 
work  TJ  is  performed  per  hour.     Then  the  counteractive  force  is, 

TJ  ^r' 
and  the  strength  of  current  y'  is  the  same  as  if  the  electromo- 
tive force,  instead  of  being  M  n,  were  M  w -,;  that  is  to  say, 

Mw    jcr 

y 


y  —  ^s — V^' ^'' 


This  principle  might  be  deduced  as  a  consequence  from  the  law 
of  the  conservation  of  energy;  for  multiplying  equation  1  by  y '  B, 
and  transposing,  we  find, 

U  =  M«y'— By'2; (2), 

which  expresses,  that  the  useful  work  of  the  engine  is  the  excess  of  the 
whole  energy  dwdapedin  the  haUery  M  n  y',  above  the  energy  wasted 
in  producing  heal  B  y'^. 

2.  A  second  principle  is,  thai  the  altractions  amd  rqndsions  pro- 
duced by  a  given  dradt  and  apparatus  arranged  in  a  given  way 
are  proportional  to  the  square  of  the  strength  of  the  current  (a  law  diB- 
covered  by  Mr.  Joule);  so  that  we  may  make 
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U  =  Ay'«, (3.) 

where  A  ifi  a  factor  depending  on  the  apparatus  used.     Henoe 
equation  2  becomes 

Ay'«  =  Mny'-R/« A*-) 

Divide  by  y'  and  transpose;  then 

.        M"  (5.) 


A  +  R' 

Hence  are  deduced  the  following  expressions:— 
For  the  rapidity  of  the  chemical  action, 

Mny'          M^n* 
»»«  =  — E^  "  E(A +  R)' 


.(6.) 


For  the  useful  work, 


U  = 


AM«ii« 


.(7.) 


y_y 


.(8.) 


(A  +  R)*- 
For  the  ^ffidmcy  of  the  engine, 

U     _A/,      A 

Mny'    Mn     A  +  R 

From  which  it  appears  that  the  efficiency  of  the  engine  approxi- 
mates towards  unity  as  the 
factor  A  increases;  but  at 
the  same  time  the  abeolute 
work  performed  diminishes 
without  limit. 

398.  R«uitta«  1»IM  Ba- 
giM. — This  machine,  the 
simplest  of  all  electro-mag- 
netic engines,  but  hitherto 
used  in  the  lecture  room 
only,  is  the  result  of  a  dis- 
covery of  Arago'a  In  fig. 
174,  N  and  S  are  the  north 
and  south  poles  of  a  per- 
manent magnet,  so  shaped 
as  to  approM^h  very  near  to 
the  two  faces  of  a  copper 
disc  D,  near  its  lower  edge;  that  disc  turns  on  an  axis  A,  whose 
bearings  (not  shown  in  the  figure)  must  rest  on  insulating  supports. 
The  lower  edge  of  the  disc  between  the  poles  of  the  magnet  dips 


Fig.  178. 


Fig.  174. 
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Into  a  cup  My  containing  mercuiy.  C  and  Z  are  conducting  wires, 
connecting  respectively  the  axis  of  the  disc  and  the  mercuiy  in 
the  cup  with  the  dectrodea  of  a  galvanic  battery.  By  the  ar- 
rangement shown  in  the  figure,  an  electric  current  is  made  to  pass 
from  the  positive  electrode  to  the  axis  of  the  disc;  thence  through 
the  disc  to  the  mercuiy,  and  thence  to  the  negative  electrode  of  the 
battery.  The  action  of  the  poles  of  the  magnet  on  the  disc  is  shown 
l^  the  diagram,  fig.  175.  S  is  the  magnet,  with  the  south  pole 
exposed  to  view;  the  arrow  head  on  the  circle  shows  the  direction 
of  the  revolving  current  to  which  the  magnet  is  equivalent.  A  B 
and  A  E  are  two  portions  of  the  current  in  the  disc,  from  the  axis 
to  the  mercury.  According  to  the  principle  that  currents  in 
the  same  direction  attract  each  other,  and  currents  in  opposite 
directions  repel  each  other,  the  magnet  attracts  A  B  and  repels  A  E, 
and  so  keeps  up  a  continuous  rotation  of  the  disc  in  the  direction 
B  E.  The  direction  of  rotation  can  be  reversed  by  reversing  the 
current;  that  is,  by  connecting  A  with  Z  and  M  with  C. 

399.  wtmmUmu  Bar  BmsIbc — This  machine,  the  invention  of  Mr. 
Webster,  is  shown  in  fig.  176.  N  S,  N  S, 
are  two  semicircular  permanent  magnets 
fixed  within  a  frame  of  brass  or  other  dia- 
magnetic  material,  and  having  two  gaps 
bcftween  their  pairs  of  contiguous  poles, 
which  are  similar,  as  indicated  by  the 
letters.  M  is  a  mercury-cup  of  non-con- 
ducting material  on  a  pedestal;  it  is 
divided  into  two  parts  by  a  diametral 
non-conducting  partition,  in  the  plane  of 
the  permanent  magnets,  as  shown  in  fig. 
177.  In  the  centre  of  the  cup  stands  a 
pivot,  on  which  rotates  the  horizontal  soft  iron  bar  A  B;  the  two 
aims  of  that  bar  are  encircled  by  the  two  portions  of  a  long  coil  of 
conducting  wire.  The  two  ends  of  that  coil  dip 
into  the  two  halves  of  the  mercury  cup,  which 
halves  are  connected  with  the  electrodes  of  a  battery 
by  the  wires  C  Z.  The  ends  of  the  soft  iron  bai 
pass  between  the  poles  of  the  permanent  magnet,  so 
as  to  come  very  near  them,  but  not  to  touch  them. 
To  pi-oduce  rotation  in  the  direction  indicated  by  the  arrow,  the  coil 
round  the  bar  A  B  is  so  aiTanged  that  when  the  end  A  is  moving 
from  S  S  to  N  N,  and  the  end  B  horn,  NNtoSS,  Aisa  south 

pole,  and  B  a  north  pole.     Then^  I  ^  {  ^t^^i  { ^^  ®  ®'  ^^ 

{  re^^  I  by  N  N.     At  the  instant  that  the  ends  of  the  bai 


Fig.  176. 
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pass  the  poles  of  the  permanent  magnets,  the  ends  of  the  coil  pass 
over  the  diametral  partition  into  the  opposite  halves  of  the  mercury 
cup;  the  current  through  the  coil  is  reversed,  and  reverses  the 
magnetism  of  A  B,  and  the  attractions  and  repulsions  between  its 
poles  and  those  of  the  permanent  magnets;  and  so  the  rotation  is 
kept  up.  To  reverse  the  rotation,  the  connections  between  the 
halves  of  the  merciuy-cup  and  the  electrode  are  revei'sed. 

400.  The  PiBBger  BBgiae,  invented  by  Mr.  Froment,  and  made 
by  Mr.  Bourbouze,  is  represented  in  figures  178,  179,  and  IfcjO. 


Fig.  178. 


It  is  now  used  to  a  considerable  extent  in  France,  for  driving  small 
machines  in  places  where  it  would  be  inconvenient  to  have  a  steara 
engine  with  its  iumace  and  boiler.  It  bears  some  analogy  in  its 
form  and  arrangement  to  a  steam  engine  with  four  cylinders, 
pistons,  slide  valves,  beam,  crank,  and  eccentria 

Fig.  178  ifl  a  side  elevation;  fig.  179,  an  end  view,  showinir  two 
of  the  cylinders;  fig.  180,  a  plan  of  the  four  cyUnders. 

A  A  B  B,  are  four  soft  iron  hollow  cylinders,  enveloped  in  coils 
of  conductmg  wire;   CC,  DD,  are  horse-shoe  magneto,  each  of 
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wliicli  is  so  shaped  that  its  ends  form  a  pair  of  cylindrical  plungei*s, 
moving  up  and  down  in  the  hollow  cylinders,  with  just  freedom 


Fig.  179. 


Fig.  180. 


enough  to  prevent  contact;  H  G  F  E  is  the  beam,  from  which  the 
magnetic  plungera  are  hung ;  F  its  centre ;  H  K  the  connecting 
rod;  K  L  the  crank;  L  the  shaft  and  eccentric.  The  shaft  carries 
a  fly  wheel. 

a  6  a  is  a  slide  moved  by  the  eccentric,  the  parts  a  a  being  of  ivory, 
and  b  of  metal ;  cdo,  conducting  wire  from  the  metallic  part  b  of  the 
slide  to  the  negative  electrode;  p,  conducting  wire  fix>m  positive  elec- 
trode; q  n,  conductors  from  p  to  the  coil  round  A  A ;  rm,  conduC' 
tors  from  p  to  the  coil  round  B  B;  ^,  conductor  from  the  opposite 
end  of  the  coil  round  A  A,  terminating  in  the  spring  e,  which  presses 
on  the  slide  aba;  h,  conductor  from  the  coil  round  B,  terminating 
in  the  spring^  which  presses  on  the  slide  aba.  The  reciprocating 
motion  of  t£e  slide  establishes  the  electric  circuit  through  the  coils 
round  A  A,  and  round  B  B,  alternately,  and  thus  magnetizes 
alternately  those  two  pairs  of  hollow  cylinders,  which  attract 
alternately  the  two  pairs  of  magnetic  plungers,  C  C,  D  D,  and 
give  a  recipi-ocating  motion  to  the  beam,  and  a  rotatory  motion  to 
the  ab^     (8ee  also  p.  568.) 
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Addendum  to  Article  357,  Page  500. 

0«rliM  TaiiTM  and  OcarioK* — In  the  Corliss  valves  the  valve-seat 
is  of  the  form  of  a  hollow  cylinder,  and  the  valve-port  is  an 
oblong  opening  in  one  side  of  that  cylinder.  The  valve  itself 
is  of  the  form  of  a  sector  of  a  cylinder  of  such  dimensions  as 
may  be  required  in  order  to  cover  the  port  suflficiently;  and  the 
valve-face  is  a  cylindrical  surface  accurately  fitting  the  hollow 
cylindrical  seat.  In  the  axis  of  the  cylindrical  surfaces  of  the 
valve  and  its  seat  there  is  a  spindle,  about  which  the  valve 
rotates  with  a  reciprocating  motion  through  an  angle  sufficient 
to  make  it  alternately  open  and  close  the  port.  Motion  is  given 
to  the  valve  by  means  of  levers  and  link- work  worked  by  an 
eccentric. 

The  cylinder  of  a  steam  engine  is  fitted  with  four  Corliss 
Valves,  two  for  admission  and  two  for  exhaust,  all  of  which  are 
worked  by  one  eccentric.  The  two  exhaust  valves  are  simply 
opened  and  closed  alternately  with  a  motion  like  that  of  an 
ordinary  slide-valve.  The  two  admission  or  steam  valves  are 
opened  in  the  same  way,  each  by  means  of  a  rod  pulling  at  a 
lever.  But  the  rod  is  connected  with  the  lever  by  means  of  a 
detent  which  can  be  made  to  let  go  its  hold  at  any  period  of 
the  stroke  by  the  action  of  a  stud  or  wiper,  whose  position  is 
regulated  by  means  of  the  speed-governor ;  and  the  valve  at  that 
instant  is  closed  by  the  action  of  a  spring  so  as  to  cut  off  the 
admission  of  steam.  In  order  to  prevent  the  shocks  which 
might  arise  from  the  too  sudden  closing  of  the  valve,  the  speed 
is  moderated  by  means  of  the  resistance  of  the  air  to  being 
forced  through  a  hole  in  a  small  cylinder  or  dash-pot  whose 
piston  is  connected  with  the  spring  for  closing  the  valve.  The 
suddenness  of  the  action  of  the  governor  is  also  moderated 
by  means  of  a  dash-pot  containing  a  liquid. 

This  system  of  valves  and  valve-gear  is  remarkable  for  the 
smallness  of  its  friction,  the  accuracy  with  which  the  proper 
form  of  expansion  diagram  is  produced,  and  the  precision  with 
which  the  speed  is  regulated  through  the  action  of  the  governor 
upon  the  cut-off. 
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Addendum  to  Articles  55,  56,  and  337 ;  Pages  63  and  480. 

■••chMBOBs  OoTeraon. — The  ordinary  governor  is  not  iso^ 
chronous;  for  when,  in  order  to  adapt  the  opening  of  the 
regulator  to  different  loads,  it  rotates  with  its  revolving  pen- 
dulums at  different  angles  to  the  vertical  axis,  the  altitude 
\  {  =  BC  in  fig.  7,  p.  26)  assumes  different  values,  corresponding 
to  different  speeds.  The  following  are  expedients  for  diminishing 
or  removing  this  defect : — 

I.  Loaded  Governor  (Porter's). — From  the  balls  of  the  common 
governor,  whose  collective  weight  is  (say)  A,  let  there  be  hung 
by  a  pair  of  links  of  lengths  equal  to  the  pendulum-^rms,  a  load, 
B,  capable  of  sliding  up  and  down  the  spindle,  and  having  its 
centre  of  gra^dty  in  the  axis  of  rotation.  Then  the  centrifugal 
force  is  that  due  to  A  alone ;  and  the  effect  of  gravity  that  due 
to  A  +  2  B ;  consequently  the  altitude  for  a  given  speed  is 
increased  in  the  ratio  A  +  2B  :  A  as  compared  with  that  of  a 
simple  revolving  pendulum;  and  a  given  absolute  variation  of 
altitude  in  moving  the  regulator  produces  a  smaller  proportionate 
variation  of  speed  than  in  the  common  governor. 

II.  Parabolic  Governor, — In  fig.  B,  let 
BX  be  the  axis  of  the  spindle,  and  E  the 
centre  of  one  of  the  balls,  which,  as  it  moves 
towards  or  from  the  spindle,  is  guided  so 
as  to  describe  a  parabolic  arc,  KE,  with  the 
vertex  at  K.  Let  E  F  be  a  normal  to  the 
parabola,  cutting  the  axis  in  F.  The 
vertical  height  of  F  above  E  is  constant, 
being  equal  to  twice  the  focal  distance  of 
the  parabola;  hence  this  governor  is  abso- 
lutely i8ochronou&  The  balls  may  be 
guided  by  hanging  each  of  them  by  means  YtL  B." 
of  a  flexible  spring  from  a  cheek,  LH,  of 
the  form  of  the  evolute  of  the  parabola.  To  find  a  series  of 
points  in  the  parabola  and  its  evolute ;  from  the  vertex  K  lay 
off  KA  =  KB  =  JA;  A  will  be  the  focus,  and  the  horizontal  line 
BY  the  directiix.  Draw  AC  parallel  to  an  intended  position 
of  the  ball-rod;  bisect  it  in  D;  draw  DE  perpendicular  to  AC, 
and  CE  parallel  to  BX ;  E  will  be  a  point  in  the  parabola,  and 
ED  a  tangent  Then  parallel  to  CA,  draw  EF;  this  will  be  a 
normal,  and  a  position  of  the  ball-rod.  From  F,  parallel  to  DE, 
draw  FG,  cutting  CE  produced  in  G;  and  from  G,  parallel  to 
BY,  draw  G,  cutting  EF  produced  in  H ;  this  will  be  a  point  in 
the  evolute.     In  Farcot's  governor,  the  rod  EH,  in  its  middle 
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position,  is  hnng  from  a  joint,  H,  at  the  end  of  an  arm,  MH ; 
this  gives  approximate  isochronism. 

III.  Adjustahl^'Speed  Governor  (Eankine's). — In  this  form  of 

governor  (see  ^g,  C) 
the  four  oentrifngal 
balls  marked  A  are 
balanced,  as  regards 
gravity,  about  the 
joint  0  on  the  spin- 
dle XX.  B,  B  are 
sliders  on  the  bail- 
rods  ;  D  B,  D  B, 
levers  jointed  to 
the  sliders  centred 
on  a  point  in  the 
spindle  at  D,  and  of 
a  length  DB  =  CD; 
F,  a  loaded  circular 
platform  hung  hv 
links  BE,  BE;  G, 
an  easy-fitting  collar,  jointed  to  the  steelyard-lever  GH,  whose 
fulcrum  is  at  H;  K,  a  weight  adjustable  on  this  lever.  This 
governor  is  truly  isochronous;  the  altitude  A  of  a  revolving 
pendulum  of  equal  speed  is  given  by  the  equation 


A= 


A-CA« 
4B-DB' 


in  which  A  is  the  collective  weight  of  the  centrifugal  masses, 
and  B  the  load,  suspended  directly  at  B,  to  which  the  actnal 
load  is  statically  equivalent.  The  load  B,  and  consequently 
the  altitude  and  the  speed,  can  be  varied  at  will,  by  shifting 
thie  weight  K ;  which  can  be  done  either  by  hand  or  by  tlie 
engine  itself.  The  regulator  may  be  acted  on  by  the  other  end 
of  the  lever  GH.  The  levers  DB,  DB,  should  be  horizontal 
when  in  their  middle  position ;  and  then  the  ball-rods  will  slope 
at  angles  of  45''. 

IV.  Spring  Governors  (Silver's,  "Weir's,  Sir  W.  Thomson's,  Ac.) 
In  this  class  of  Governors,  which  are  specially  suited  for  use  on 
board  ship,  the  action  of  gravity  on  the  revolving  masses  ought 
either  to  be  balanced,  or  to  be  made,  by  rapid  rotation,  so  small 
compared  with  the  centrifugal  force  as  to  be  unimportant.  The 
centrifugal  force  is  opposed  by  springs.  To  make  such  a  governor 
absolutely  isochronous,  the  tension  of  the  springs  ought  to  vary 
in  the  simple  ratio  of  the  distance  from  the  centres  of  the  revolv- 
ing masses  to  the  axis. 


APPENDIX. 


653 


Addendum  to  Abticle  365,  Page  508. 


The  lycciMT  CoMd«uer  (invented  by  Mr.  Alexander  Morton) 
consists  essentially  of  two  conoidal  nozzles,  one  within  the  other, 
and  pointing  the  same  way.  The  inner  nozzle  brings  injection- 
water  from  the  cold-water  tank ;  and  the  sectional  area  of  its 
outlet  is  nearly  that  given  by  the  rules  of  Article  365.  The 
outer  nozzle  receives  the  waste  steam  from  the  cylinder ;  the 
diameter  of  the  throat,  or  narrowest  part  of  its  outlet,  is  a  little 
greater  than  that  of  the  cold-water  nozzle.  Beyond  the  throat 
it  widens  slowly  in  a  trumpet-mouthed  form,  its  diameter  at  the 
mouth  being  about  three  times  the  diameter  at  the  throat. 
If  there  are  two  cylinders,  there  is  an  intermediate  nozzle,  so 
as  to  divide  the  steam  coming  from  one,  from  that  coming  from 
another.  The  condensation  goes  on  in  the  space  between  the 
outlet  of  the  cold-water  nozzle  and  the  throat  of  the  outer  nozzle. 
The  vacuum  is  at  least  as  good  as  in  the  common  condenser. 
The  momentum  of  the  cold  water  and  of  the  waste  steam  carries 
the  whole  condensation-water,  together  with  the  air  it  may 
contain,  through  the  throat  of  the  outer  nozzle,  and  out  at  the 
trumpet  mouthpiece;  and  the  power  required  to  work  an  air- 
pump  is  saved:  as  to  which,  see  page  509.  (See  Trans.  Inst, 
Eng.  Scot.,  1868-69.) 


Addendum  to  Article  289,  Page  407. 

EacvanaloB  of  Steam  (see  fig.  D). — 
Draw  a  straight  line  CAB,  in  which 
make  AB  =  4AC.  Draw  AD  perpendi- 
cular to  CAB;  and  about  C  describe 
the  circular  arc  BD  cutting  AD  in  D. 
Then  in  DA  take  E,  so  that  DE  -^  DA. 
shall  represent  the  effective  cut-off  (and 
consequently  DA  -r-  DE  the  rate  of 
expansion).  At  E  draw  EF  parallel  to 
AB.  Then  EF  -r  AB  will  be  the 
required  ratio  of  mean  to  initial  absolute 
pressure  nearly. 


Fig.  D. 


Addendum  to  Articles  13  and  U,  Pages  14  and  16. 

From  some  experiments  made  by  Mr.  R.  D.  Napier,  forming 
the  subject  of  a  paper  on  friction  and  unguents,  read  before  the 


554  APPENDIX. 

Philosophical  Society  of  Glasgow,  on  the  16th  December,  1874, 
by  that  gentleman,  and  experiments  made  by  an  eminent 
foreigner,  but  believed  to  be  not  yet  published,  it  may  be  safely 
deduced  that  the  friction  between  two  bodies  is  a  function  of  the 
force  with  which  they  are  pressed  together  and  of  their  relative 
velocity  of  motion.  It  is  further  probable  that  for  substances 
without  unguents,  the  friction  increases  with  the  velocity  to  a 
certain  maximum,  and  then  diminishes.  Mr.  Napier  believes 
his  experiments  show  **  that  with  mineral  oils  the  co-effieient  of 
friction  is  less  at  higher  than  at  lower  velocities,  and  that  with 
animal  and  vegetable  oils  the  reverse  is  the  case ;"  and  farther, 
with  the  employment  of  unguents  the  ftiction  has  been  found  to 
increase  with  the  velocity  and  vice  verady  and  also  to  diminish 
with  the  velocity  and  vice  verad,  A  very  small  co-efficient  of 
friction  was  found  to  obtain  when  a  small  "  quantity  of  water 
was  allowed  to  run  on  the  top  of  oil''  As  Mr.  Napier  points 
out,  there  is  necessity  for  further  experiment. 


Addendum  to  Article  290,  Page  413. 

Mr.  Isherwood*  gives  the  following  constants  for  an  absolute 
steam  pressure  of  22  lbs.  per  square  inch  in  pipes  protected  as 
below ;  the  constants  refer  to  a  square  foot  of  external  surfiaoe  <^ 
pipe  per  hour  for  V  Fahrenheit  difference  of  temperature  : — 


Bare  or  uncovered  pipe, 
Coated  with  straw,     .        .        . 
Cased  in  pottery  pipes,  with  air-epace. 
Coated  with  cotton  waste,  1  inch  thick, 
Coated  with  old  felt,  .... 
Coated  with  plaster  of  loamy  earth  and  hair, 
The  same  pauted  white,    .        .        .        . 


Steun 

He«t 

condensed, 

radUted 

pound. 

unite. 

-00302 

2^875 

•00101 

0-062 

•00116 

1106 

•00146 

l'3S3 

•00156 

1-478 

•00166 

1-575 

•00154 

1-460 

Addendum  to  Articles  305  and  337, 
Pages  451  and  480. 

Of  late  years  Asbestos  has  come  very  much  into  use,  especially 
in  America,  for  the  clothing  of  boilers  and  cylinders,  and  for  the 
packing  of  pistons.  For  the  first  application  it  is  prepared  both 
as  a  paste  and  a  cloth,  and  is  xxaefal  on  account  of  its  great 
resistance  to  the  conduction  of  heat ;  for  the  second  it  is  pre- 

"^  Journal  of  Franklin  Institute,  March,  1875. 
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pared  in  ropes  or  rolls,  and  appears  to  compare  favourably  with 
metallic  packing. 


Addendum  to  Abticle  317,  Page  464. 

ArPMzlmate  RbIm  f«r  Safetr  TsItm.  (See  also  p.  465.)  —  To 
find  the  area  of  actual  opening  required.  Divide  the  area  of 
heating  surface  in  square  feet  by  3  (or  the  area  in  square  inches 
by  432) ;  divide  the  quotient  by  the  absolute  pressure  in  pounds 
on  the  square  inch  :  the  final  quotient  will  be  the  area  required 
in  fractions  of  a  square  inch. 

I>/.B, — This  is  based  on  experiments  made  with  circular  valves 
having  a  lift  not  exceeding  J^  of  diameter. 

Given  the  proportion  of  lift  to  diameter  and  the  area  of  opening, 
to  find  the  area  of  the  circular  valve  seat.  Multiply  the  area  of 
opening  by  \  of  the  ratio  in  which  the  diameter  is  greater  than 
the  lift.  Special  rules  for  valves  in  which,  with  a  pressure  of  10 
pounds  above  the  atmosphere,  the  valve  is  to  rise  not  more  than 
^  of  the  diameter  of  the  valve  seat.  To  find  the  area  of  the 
circular  valve  seat.  Divide  the  area  of  heating  surface  by  2000 ; 
the  quotient  will  be  in  the  same  sort  of  measure  with  the  area 
of  the  heatiug  surface.  To  ensure  the  same  proportionate  rise 
with  a  greater  minimum  pressure,  the  area  should  be  varied 
inversely  as  the  absolute  pressure.  To  ensure  the  same  pro- 
portionate rise  with  a  less  minimum  pressure,  the  area  of  valve 
seat  should  be  made  to  vary  inversely  as  the  square  root  of  the 
effective  minimum  pressure  above  the  atmosphere. 

The  Board  of  Trade  publishes  tables  of  pressures  and  corre- 
sponding areas. 

Acconiiug  to  the  Prussian  law,  aud  allowing  30  square  feet  of 

heating  suiface  per  square  foot  of  firegrate,  the  area  of  safety 

valve  is 

^  X  Bqnare  feet  of  firegrate 
-  ^ 

A  lift  of  7^,  the  diameter  being  sufficient  to  discharge  all  the 
steam. 

The  following  is  from  the  report  on  safety  valves  presented  to  the 
iDstitution  of  EDgineers  and  Shipbuilders  in  Scotland  (1874): — 

1.  The  present  practice  in  this  country  of  constructing  safety 
valves  of  uniform  size  for  all  pressures  is  incorrect. 

2.  The  valves  should  be  flat-&ced,  and  the  breadth  of  face 
need  not  exceed  one-twelfth  of  an  inch. 

3.  The  present  system  of  loadinii;  valves  on  marine  boilers  by 
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direct  weight  is  fitulty,  and  ill-adapted  for  sea-going  yeaselfl,  a 
considerable  quantity  of  steam  being  lost  during  heavy  weather, 
in  consequence  of  the  reduced  effect  of  direct  load — ^the  result  of 
the  angle  or  list  of  the  vessel,  and  also  of  the  inertia  of  the 
weight  itself,  the  latter  not  being  self- accommodating  at  once 
to  the  downward  movement  of  the  vessel,  and,  moreover,  the 
impossibility  of  keeping  the  valves  when  so  loaded  in  good 
working  order. 

4.  That  two  safety  valves  be  fitted  to  each  marine  boiler,  one 
of  which  should  be  an  easing  valve. 

5.  The  dimensions  of  each  of  these  valves,  if  of  the  ordinary 
construction,  should  be  calculated  by  the  following  rule  : — 

A     18xQ         ^     0-6xHS 
A^     P        or  A^       p 

A  =  Area  of  valve  in  square  inches. 
0  =  Grate  surface  in  square  feet. 
H  S= Heating  surfiice  in  square  feet. 

P= Absolute  pressure  in  pounds  per  square  inch. 

6.  The  committee  suggest  that  only  one  of  the  valves  may  be 
of  the  ordinary  kind,  and  proportioned  as  above,  and  that  it 
should  be  the  easing  valve.  The  other  may  be  so  constructed  aa 
to  lift  one-quarter  of  its  diameter  without  increase  of  pressure. 
Valves  of  this  kind  are  now  in  use,  and  one  such  valve,  if  cal- 
culated by  the  following  rule,  would  be  of  itself  sufficient  to 
relieve  the  boilers  : — 

A = —p- + area  of  guides  of  valv«, 

A= p +area  of  guides  of  valve. 

Tills  valve  should  be  loaded,  say,  1  lb.  per  square  inch  less  than 
the  easing  valva 

7.  If  the  heating  sur&ce  exceeds  30  feet  per  foot  of  grate  sur- 
face, the  size  of  safety  valve  is  to  be  determined  by  the  heating 
surface. 

8.  As  boilers  decay  from  age  it  is  necessary  gradually  to 
reduce  the  pressure  of  steam,  and  the  committee  recommend 
that  valves  should  be  made  of  a  size  to  suit  the  pressure  to 
which  the  boiler  may  tdtimately  be  worked  when  it  becomes 
old. 

9.  Springs  should  be  adopted  for  loading  safety  iralves,  and 
they  should  be  direot-«cting  where  practicable. 

When  levers  are  used«  the  friction  of  the  joints  will  cause  an 
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extra  resistance,  and  consequent  increase  of  pressure,  when  the 
valve  is  rising,  and  a  loss  of  steam  through  diminution  of  pres- 
sure before  it  will  close. 


Addendum  to  Articles  320  and  321, 
Pages  466  and  467. 

A  method  of  preventing  the  furring  of  boilers  consists  in  lining 
them  with  sheet  copper,  after  an  invention  of  M.  A.  Feldbacher. 
The  sheet  copper  is  lapped  over  the  edges  of  the  plates,  and 
forms  a  water-tight  packing  at  the  joints.  The  greater  number 
of  cases  of  defective  boilers  being  due  to  excessive  encrustation, 
this  system  adds  both  to  safety  and  economy.  A  method  of 
preventing  explosions  under  head  iv.  (Art.  320)  is  by  the  intro- 
duction of  a  piece  of  zinc  into  the  furnace. 


Addendum  to  Abticle  14  a,  Page  19. 

metumrem  of  Weight  and  ixtmmm. — If  by  the  unit  of  force  is  under- 
stood the  weight  of  a  certain  standard,  such  as  the  avoirdupois 
pound ;  then  tilie  mass  of  that  standard  is  1-4-^;  and  the  unit  of 
mass  is  g  times  the  mass  of  the  standard ;  and  this  is  the  most 
convenient  system  for  calculations  connected  with  mechanical 
engineering.  But  if  we  take  for  the  unit  of  mass,  the  mass  of 
the  standard  itself,  then  the  unit  of  force  is  what  is  called  the 
absolute  unit :  that  is,  the  force  which,  acting  for  a  second  on  an 
unit  of  mass,  produces  an  unit  of  velocity ;  and  the  weight  of 
the  standard  in  such  units  is  expressed  by  g.  This  is  the  system 
employed  in  many  scientific  writings ;  and  in  particular,  in 
Thomson  and  Tait's  Natural  Fhilaaophy. 


Addendum  to  Article  45,  Page  52. 

C«BttoM«Bs  Brakcii  tn  Hallway  Tralwk  —  The  USe  of  brake 
power  is  now  considerably  extended  in  railway  traffic,  and 
instead  of  the  brakes  being  only  applied  on  tender  and  guard's 
van,  the  application  has  been  extended  to  the  carriages  com- 
posing the  train.  Yery  considerable  resistance  is  thus  obtained, 
and  consequent  cessation  of  motion  at  a  much  earlier  period. 
Yarious  forms  of  continuous  brake  have  been  tried  recently,  and 
the  results  of  the  experiments  are  familiar  to  engineers.     Some 
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of  the  various  forms  are  the  screw-brake,  cham-brake,  Tacaam« 
brake^  hydraulic-brake,  and  compressed-air-brake,  in  all  of  which, 
by  means  of  mechanism  extending  below  the  carriages  and 
actuated  by  the  engine-driver  or  guard,  the  whole  or  part  of  the 
wheels  of  the  train  can  be  braked.  In  the  first  two  methods, 
rigid  or  flexible  bodies  are  employed  to  transmit  the  power 
required,  whilst,  in  the  others,  the  same  object  is  accomplished 
through  the  medium  of  fluids.  In  the  hydraulic-brake,  water  at 
a  high  pressure  from  a  pump  on  the  engine  is  conveyed  by  a 
pipe ;  in  the  vacuum-brake  the  air  is  removed,  and  in  the  air- 
brake the  air  is  forced  under  pressure  to  the  points  required 
In  the  automatic  arrangements,  whether  of  air  or  vacuum,  there 
are  reservoirs.  It  has  been  found  desirable  to  adopt  reservoirs 
or  vessels  having  pistons  immediately  in  connection  with  the 
brake  blocks,  the  object  in  the  automatic  arrangements  being  to 
keep  up  a  certain  condition  in  the  chambers,  whether  of  pressure 
or  vacuum,  by  which,  if  destroyed  either  intentionally  or  acci- 
dentally (as  through  the  breakage  of  a  pipe),  the  braking  action 
may  at  once  take  place. 

In  some  cases  1^  seconds  is  suflicient  to  apply  the  brakes,  and 
fast  trains  can  be  stopped  in  about  300  yards. 

From  experiments  made  by  Capi  Douglas  Galton,  C.B.,  F.R.S., 
on  the  eflect  of  brakes  upon  railway  trains,  it  api)ears  that 

(I.)  The  retarding  eflect  of  a  wheel  sliding  upon  a  rail  is  not 
much  less  than  when  braked  with  such  a  force  as  would  just 
allow  it  to  continue  to  revolve,  the  distance  due  to  friction  of 
the  wheel  on  the  rail  being  only  about  J  of  the  friction  between 
the  wheel  and  the  brake  blocks. 

(2.)  The  coefficient  of  friction  between  the  brake  blocks  and 
the  wheels  varies  inversely  according  to  the  speed  of  the  train ; 
thus,  with  cast-iron  brake  blocks  on  steel  tires,  the  coefficient  of 
Motion  when  just  moving  was  *330, 

At  10  miles  per  hour  -242 
„  20     „  „        -192 

„  30     „  „        -164 

„  40      „  „        -140 

„  50     „  „        -116 

„  60     „  „        -074 

Further  it  was  found  that  this  coefficient  was  affected  by 
time;  thus,  starting  at  27  miles  per  hour,  the  coefficient  was  *171, 
after  5  sees.  *130,  after  10  sees.  *119,  after  15  sees.  "OSl,  and 
after  20  sees.  *072  ,*  at  47  miles  per  hour  the  coefficient  at  starting 
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was  '132,  falling  after  10  sees,  to  -070;  and  at  60  miles  per  hour 
falling  from  072  to  -058. 

These  coefficients  are  further  influenced  by  material  and 
weather.  It  was  found  that  the  distance  run  by  a  train  on  the 
level  at  50  miles  per  hour,  varied  with  the  percentage  of  the 
total  weight  of  train  used  for  retardation,  as  follows — with  5  per 
cent  555f  yds.,  10  per  cent.  277f  yds.,  20  per  cent.  139  yds. 
30  per  cent  92f  yds. 

The  author  points  out  among  other  conditions  that  a  perfect 
continuous  brake  should  be  fitted  to  act  upon  all  the  wheels 
of  engine  and  carriages ;  that  it  should  exert  upon  the  brakes  of 
each  pair  of  wheels  within  two  seconds  a  force  of  about  twice 
the  load  on  these  wheels ;  that  the  brake  block  pressure  should 
be  such  that  the  friction  between  the  block  and  wheel  may  not 
be  greater  than  the  adhesion  between  the  wheel  and  the  rail ; 
and  that  the  action  should  be  automatic,  in  the  event  of  a 
separation  of  the  train  or  failure  of  connections. 


Addendum  to  Article  108,  Page  112. 

From  a  calculation  of  the  co-efficient  of  friction  of  the  flow  in 
the  4-foot  main  pipes  of  the  Loch  Katrine  Waterworks,  made  by 
the  late  Professor  Rankine  from  data  supplied  by  Mr.  J.  M. 
Gale,  C.E.,*  the  following  was  obtained  : 

•^=^  =  W4  =  »«»^- 

where /=  co-efficient  of  friction,  5^  =  gravity,  t»rate  of  declivity, 
9n  =  hydraulic  mean  depth,  and  »  =  velocity  of  flow  in  feet  per 
second.  Professor  Rankine  further  states  that  Darcy*s  co-efficient 
of  friction,  reduced  to  British  measure,  would  give — 


^=»««li+diin^ 


dia.  in  incheB  J 


Addendum  to  Articles  261  and  353, 
Pages  334  and  501. 

c«aipMiB4  JBasiac*  (called  Double  Cylinder  Engines  in  the 
text)  were  first  applied  successfully  for  marine  purposes  in  1854. 

*  See  Tratu.  Inst,  Engineera  and  ShiphuUdera  in  Scoiland,  vol.  zii. 

2o 
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The  arrangement  is  that  of  two  cylinders,  a  smaller  and 
a  larger,  placed  verticallj  and  side  by  side.  The  steam  passes 
from  the  boiler  into  the  smaller  cylinder,  and,  after  doing  work 
there,  it  passes  into  the  larger  cylinder,  where  the  remainder  of 
its  energy  is  iitilised.  The  capacity  of  the  lai'ge  cylinder  is 
usually  about  ihru  times  that  of  the  smaller,  and  the  steam  is 
cut  off  in  the  small  or  high  pressure  cylinder  at  about  halt 
stroke.  A  considerable  range  of  expansion  is  thus  obtained, 
reaching  in  some  cases  to  ten  times.  About  half  of  the  work  of 
the  steam  is  done  in  each  cylinder. 

The  cranks  of  such  engines  are  usually  set  at  or  about  right 
angles,  and  the  exhaust-steam  from  the  high  pressure  cylinder 
passes  first  into  a  '^  receiver,"  from  which  it  enters  the  low  pres- 
sure cylinder  at  the  proper  time.  This  receiver  may  be  differ- 
ently arranged,  but  it  is  virtually  an  enlargement  of  the  steam 
passages  from  one  cylinder  to  another,  the  space  being  sufficiently 
large  to  receive  the  exhaust-steam  driven  out  by  the  piston  of 
the  small  cylinder  until  the  larger  piston  is  in  such  a  position 
that  this  steam  can  act  upon  it. 

Where,  as  in  some  cases,  compound-engines  are  constructed 
with  their  cranks  nearly  opposite  each  other,  a  receiver  is  not 
required,  as  the  steam  passes  directly  from  the  one  cylinder  to 
the  other. 

The  advantage  of  the  compound  engine  lies  in  the  economical 
use  of  steam  through  high  expansion,  the  lessening  of  ex- 
cessive variation  of  strain  on  the  moving  parts  through  the 
distribution  of  the  pressure  on  the  two  pistons,  and  the  more 
uniform  temperature  at  which  the  cylinders  can  be  maintained, 
as  the  low  pressure  cylinder  alone  is  in  communication  with  the 
condenser. 

In  some  cases,  two  low  pressure  cylinders  are  used,  and  the 
steam  is  expanded  from  the  small  cylinder  into  these  larger 
cylinders.  The  principle  of  action  is,  however,  the  same,  as  the 
quantity  of  steam  originally  received  from  the  boiler,  when 
expanded,  will  theoretically  perform  the  same  amount  of  work, 
whether  this  expansion  takes  place  in  one  cylinder,  or  in  two,  or 
more. 

In  the  compound-engine,  we  have  thus  a  similar  action  to  the 
single  engine,  working  with  same  ratio  of  expansion  where,  for  a 
part  of  the  stroke,  the  pressure  on  the  piston  is  from  steam  in 
direct  communication  with  the  boiler,  and,  for  the  rest  of  the 
stroke,  the  pressure  is  that  due  to  the  expansive  action  of  the 
steam. 

The  castings  required  for  large  compound  cylinders  are  com- 
plicated and  heavy,  such  diameters  as  60  inches  and  104  inches, 
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for  the  high  and  low  pressure  cylinders  respectively,  being  now 
required  for  large  vessels. 

Of  late  years  the  principal  advance  made  in  the  marine  engine 
has  lain  in  the  use  of  higher  pressures,  and  consequent  greater 
range  of  expansion.  To  obtain  the  latter,  the  compound  system 
has  lent  itself  in  a  variety  of  ways.  Starting  from  two  cylinders, 
high  and  low  pressure,  we  have  now  commonly  three  cylinders 
in  our  large  ocean-going  steam-vessels,  and  these  cylinders  again 
have  been  variously  arranged.  In  the  case  notably  of  the  City 
ofRoTne,  there  are  six  cylinders  arranged  on  what  is  known  as 
the  tandem  form,  where  three  large  and  low-pressure  cylinders 
have  three  small  and  high-pressure  cylinders  placed  above  them, 
the  piston-rods  passing  right  through  each  pair  of  cylinders,  and 
connected  to  three  separate  cranks.  A  usual  form  of  late  has 
been  one  high-pressure  cylinder,  with  two  low-pressure  cylinders 
placed  on  each  side  of  it,  and  in  line  of  the  ship's  length,  the 
pistons  of  these  three  cylinders  being  connected  to  three  cranks 
on  the  shaft. 

The  use  of  steel  plates,  together  with  the  corrugated  furnaces 
now  used  in  marine  boilers,  has  enabled  the  engineer  to  use  higher 
pressure  of  steam  than  formerly,  and  thus  the  advantages  to  be  ob- 
tained by  using  steam  expansively  have  been  realised  in  practice. 

The  advantage  of  surface  condensation,  whereby  fresh  water 
is  used  in  the  boiler  instead  of  salt  water,  as  was  common  at  one 
time,  is  also  on  the  side  of  economy  of  fuel. 

The  tendency  of  modern  improvements  in  the  marine  steam 
engine  and  boiler  is  towards  economy  of  fuel,  and  to  increased 
efficiency  in  proportion  to  weight  of  machinery  and  boiler,  and  thus 
render  available  more  of  the  ship's  hull  for  cargo  or  passengers. 

Tubulous  boilers,  in  which  the  water  is  contained  in  the  tubes, 
have  been  tried  from  time  to  time,  but  have  not  as  yet  been  prac- 
tically successful,  difficulties  arising  from  defective  circulation, 
and  the  tendency  for  the  tubes  to  be  affected  by  deposit  from 
impurities  in  the  water. 

The  Serviay  added  in  1881  to  the  Cunard  fleet,  has  engines 
similarly  arranged  to  the  above,  the  high-pressure  cylinder  being 
72  in.  diameter,  and  each  of  fche  two  low-pressure  cylinders  are 
100  in.  diameter,  the  stroke  being  6  ft.  6  in.  The  high-pressure 
cylinder  is  fitted  with  piston  valves,  and  the  low-pressure 
cylinders  with  slide-valves.  There  are  seven  boilers,  having  a 
total  grate  area  of  1,050  square  feet,  and  heating  surface  of 
27,000  square  feet.     The  indicated  horse-power  is  10,500. 

In  the  above  type  of  three-cylinder  engine  the  steam  is  passed 
from  the  central  high-pressure  cylinder  right  and  left  to  the  two 
Jow-pressure  cylinders. 
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The  latest  arrangement  of  the  three-cylinder  engine,  and  one 
which  is  found  to  give  great  economy  of  working,  is  to  pass  the 
steam  from  the  high-pressure  cylinder  into  an  adjoining  low- 
pressure  cylinder,  which  in  turn  exhausts  into  another  low- 
pressure  cylinder,  and  finally  from  that  to  the  condenser.  This  ap- 
pears to  have  been  first  tried  in  the  "  Propontis,"  engined  by  John 
Elder  &  Co.  in  1874.  In  the  Aberdeen,  built  in  1882  by  R.  Napier 
&  Sons,  three  cylinders  are  adopted,  the  steam  passing  from  one 
to  the  other  as  just  described.  In  this  arrangement  there  are  three 
cranks  placed  at  120''  on  the  shaft.  The  diameters  of  the  cylinders 
are  30  in.,  45  in.,  and  70  in.,  the  stroke  of  piston  being  4  f);.  6  in. 
The  horse-power,  as  indicated  on  trial  trip,  was  2631,  the  engines 
working  at  70  revolutions  per  minute.  The  steam  pressure  is 
125  lbs.  per  square  inch,  and  the  consumption  of  coal  on  trial  ap- 
pears to  be  as  low  as  1*28  lb.  per  indicated  horse-power  per  hour. 

Since  the  successful  introduction  of  the  triple-expansion  engine 
in  the  ocean-going  steamer  Aberdeen^  the  more  recent  large  and 
powerful  steamers  added  from  time  to  time  by  the  great  shippiug 
companies  have  been  fitted  with  these  engines,  and  in  some  cases 
with  a  still  further  extension  of  the  principle  in  the  quadruftle 
expansion  engine.  The  Admiralty  have  also  adopted  the  triple- 
expansion  system  for  the  Navy. 

The  two  most  powerful  war  cruisers  at  present  afloat  (1897),  the 
Fawer/tU  and  Terrible,  just  completed  for  the  British  Navy,  are 
vessels  measuring  fully  500  feet  long,  by  71  feet  beam  and  43  feet 
deep.  The  displacement  is  14,200  tons,  and  the  engines,  triple- 
expansion  driving  twin  screws,  work  up  to  25,000  I.H.P. 

From  a  thirty  hours'  trial  of  the  Powerful  at  18,000  LHLP.,  the 
coal  consumption  was  about  15  tons  per  hour,  or  at  the  rate  of 
1'838  lb.  per  I.H.P.  per  hour.  The  boiler  pressure  was  232  lbs., 
vacuum  26*6  inches,  revolutions  103,  and  the  speed  at  this  power 
was  21  knots.  On  a  thirty  hours'  trial  at  5,000  I.H.P.  the  speed 
was  about  14  knots.  At  full  power  the  speeds  of  these  vessels 
were  fully  22  knots. 

The  immense  power  developed  by  such  marine  engines  necessitates 
crank-shafbs  of  large  diameter;  hence  in  some  cases  these  are  made 
hollow,  and  of  steel     Propeller  shafts  are  also  made  hollow. 


Addenda  to  Articles  312  and  313,  Pages  459  and  461. 

The  pressures  now  commonly  used  at  sea  with  triple-  or  quad- 
ruple-expansion engines  are  about  150  lbs.  per  square  inch  and 
upwards,  and  the  consumption  of  coal  under  2  lbs.  per  indicated 
horse-power  per  hour. 

To   withstand  such   pressures,   the   shell-plating  of  boilers  is 
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made  of  a  thickness  of  1  inch  and  more;  the  end  plates  are 
usually  about  14  per  cent,  thicker. 

Generally  the  total  heating  surface  in  marine  boilers  is  from 
25  to  28  times  the  grate  area,  and  the  tube  surface  is  about 
5-6tbs  of  this. 

The  tubes  are  about  6  feet  long  and  3  inches  in  diameter. 

The  heating  surface  is  sometimes  stated  as  varying  from  16 
to  20  square  feet  per  nominal  horse-power,  the  indicated  horse- 
power being  from  five  to  six  times  the  nominal  horse-power;  or  the 
heating  surface  may  be  stated  as  about  3  square  fL  per  indicated 
horse-power,  the  grate  area  being  about  ^  of  the  heating  surface, 
or  from  |.  to  ^  of  a  square  foot  per  indicated  horse-power. 


Addendum  to  Article  318,  Page  465. 

Steel  plates  are  now  being  used  for  the  construction  of  boilers 
and  ships.  Such  steel  possesses  great  strength  aad  ductility, 
giving  an  ultimate  tensile  strength  of  about  30  tons  per  sq^iiare 
inch  with  an  elongation  of  about  28  per  cent.  The  limit  of 
elasticity  is  about  one  half  of  the  ultimate  strength. 

Recently,  by  the  introduction  of  nickel,  it  is  found  that  the 
strength  of  steel  can  be  much  increased;  the  limit  of  elasticity  with 
this  material  reaching  up  to  the  ultimate  strength  of  ordinary  mild 
carbon  steel.     This  steel  is  now  being  rolled  into  armour  plates. 


Addendum  to  Article  368,  Page  509. 

In  the  Surface  Condensers  now  used  at  sea  with  compound- 
engines,  it  is  usual  to  pass  the  water  by  means  of  a  reciprocating 
pump  through  the  tubes,  the  steam  being  admitted  from  the 
low-pressure  exhaust  into  the  space  enclosed  around  the  tubes : 
the  vacuum  obtained  is  about  28  inches.  The  tubes  are  of 
brass,  and  measure  i-inch  external  diameter.  An  immense 
length  of  such  tubes  is  required,  so  as  to  obtain  the  necessary 
cooling  surface,  which,  for  engines  indicating  about  3,000  horse- 
power, will  be  about  6,000  square  feet ;  or  generally,  the  cooling 
sur&ce  in  the  condensers  is  about  2  square  feet  per  indicated 
horse-power. 


Addendum  to  Article  220,  Page  261. 

Feed-water  heaters  are  being  introduced  into  boilers  with  good 
results.     The  principle  upon  which  these  appliances  depend  Ib 
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the  delivery  of  the  feed-water  to  the  boiler  at  a  uniformly  high 
temperature,  such  as  200**  F.,  and  higher,  and  the  freeing  of  the 
water  from  impurities.  Exhaust  steam  is  used,  and  in  some  cases 
live  steam  from  the  boiler.  The  exhaust  steam  is  passed  into 
tubes  surrounded  by  the  feed-water  contained  in  a  strong  casing, 
and  after  circulating  passes  off.  The  water  receives  so  much 
heat  from  the  surfaces  of  the  tubes,  and  is  afterwards  farther 
heated  by  a  coil  of  pipes  containing  live  steam.  Any  matter 
precipitated  as  a  deposit  is  received  in  a  filter  chamber  contain- 
ing charcoal,  and  the  water  thus  purified  and  heated  passes  to 
the  boiler. 


Addendum  to  Article  234,  Paoe  290. 

Of  late  years  many  improvements  have  been  made  in  connection 
with  steam  boilers,  with  the  view  of  increasing  the  economy  of 
the  fuel,  and  thereby  rendering  the  boiler  a  more  efficient 
steam  generator.  The  loss  due  to  emission  of  smoke  may  in 
many  cases  be  met  by  careful  firing.  Appliances  known  as 
mechanical  stokers  have  been  introduced,  whereby  the  fuel  is 
gradually  fed  to  the  furnace  through  a  hopper  arrangement  in 
front,  means  being  adopted  to  work  the  coal  to  back  of  furnace. 
Another  method  of  fuel  feeding  has  been  recently  tried,  in  which 
the  coal  is  charged  upon  a  movable  truck,  which  by  gearing  is 
pushed  inside  the  grate,  and  below  the  fire  bars ;  the  fresh  coal 
is  then  lifted  and  pushed  up  below  the  burning  fuel,  and  thus 
partially  cokes  before  being  consumed.  Forced  draught  is  used 
on  board  some  steam  vessels,  such  as  torpedo  boats. 


Addendum  to  Article  337,  Page  480. 

Amongst  various  forms  of  marine  engine  governors,  Dunlop's 
pneumatic  governor  has  been  found  very  serviceable  for  compound 
marine  engines.  In  this  governor  the  controlling  power  lies 
in  the  level  of  the  water  outside  the  ship,  as  this  varies  from 
time  to  time  with  the  pitching  of  the  vessel.  The  apparatus 
consists  of  an  air  vessel,  which  is  placed  in  communication  with 
the  sea  by  a  cock.  The  air  becoming  compressed  the  action  is 
communicated  to  the  governor,  which  consists  of  a  casing 
containing  an  air-tight  space  in  connection  with  a  pipe,  and 
fitted  with  an  india-rubber  diaphragm.  This  diaphragm  as  it 
rises  and  falls  (due  to  the  pressure  of  the  air,  as  acted  upon  by 
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the  varying  level  of  the  waves)  acts  upon  a  spring,  which  motion 
is  communicated  to  the  throttle  valve  by  means  of  a  link. 


Addenda  to  Section  7,  Page  528, 

The  maximum  weight  of  freight  cars  on  the  American  lines 
is  8,000  lbs.,  and  the  weight  on  the  locomotive  driving  wheel  is 
15,000  lbs.,  and  an  economical  weight  of  steel  rail  has  been 
found  to  be  about  56  or  67  lbs.  per  yard. 

In  reference  to  the  life  of  steel  rails  much  depends  upon  the 
composition  of  the  steel;  as,  if  required  by  the  tests  to  show  a  high 
ductility,  the  wear  does  not  appear  to  be  so  great  as  if  of  stiffer 
and  harder  material. 

The  following  shows  some  of  the  requirements  for  Bessemer 
steel  rails :  length  to  be  30  feet,  to  be  made  of  Hematite  pig, 
and  charcoal  Spiegeleisn.  The  ingots  to  be  heated,  and  cogged, 
or  hammered  into  blooms  8  in.  sq.,  these  blooms  to  be  again  heated 
and  rolled  into  the  rail.  Two  holes  1^^  dia.  for  iish  bolts,  to  be 
drilled  in  web  at  each  end.  The  analysis  must  show  carbon  not 
less  then  '3  per  cent,  or  more  than  *45  per  cent.,  silicon  not  more 
than  -06  per  cent.,  phosphorus  not  more  than  06  per  cent., 
sulphur  not  more  than  -06  per  cent. 

Tests. — A  rail  30  feet  long  to  be  placed  on  3'  6"  bearings,  having 
a  weight  of  25  tons  suspended  at  centre  of  rail,  the  corresponding 
deflection  not  to  exceed  f  after  half  an  hour,  and  upon  removal 
of  load  there  must  be  no  permanent  set.  The  rail  placed  as 
above  to  be  subjected  to  two  blows  of  a  weight  of  1  ton  falling 
from  a  height  of  18  feet  on  centre  without  breaking.  Permanent 
set  roust  not  exceed  21^'  at  each  blow.  The  tested  rails  to  be 
afterwards  broken,  and  the  fracture  must  show  a  close-grained, 
homogeneous  surface.  One  rail  in  each  hundred  to  be  thus 
tested,  and  if  failure  takes  place  the  whole  one  hundred  rails  of 
this  set  may  be  rejected. 

In  an  article  on  ''The  Limits  to  Speed  "  (published  in  The 
Engineer)  by  Professor  Osborne  Reynolds  it  is  shown  that 
the  resistance  of  an  engine  at  high  speeds  is  about  45  lbs.  per  ton 
of  its  weight,  and  taking  this  we^ht  at  20  tons,  a  pull  of  900 
lbs.  will  be  required  to  balance  this  resistance,  and  to  keep  up 
the  necessary  pressure  the  boiler  must  supply  steam  enough  to 
fill  the  cylinders  200  times  per  mile.  In  sp^&ng  of  the  limiting 
strength  of  tires,  it  is  pointed  out  that  the  bursting  tension  is 
due  to  the  centrifugal  force  arising  from  the  rotation  of  the  wheel, 
and  that  <^hi«  tension  per  square  inch  of  section  of  the  tire  is 


566 


APPENDIX. 


the  product  of  the  weight  of  a  cubic  inch  of  the  material,  the 
square  of  the  velocity  in  feet  per  second  and  a  constant  '36. 

The  strength  of  iron  is  about  one-half  of  steel  tires.  The 
difficulty  of  keeping  a  railway  train  steady  at  high  speeds 
is  pointed  out  as  a  hindrance  to  increase  in  speed.  This  arises 
from  various  causes — the  condition  of  the  road,  and  the  inherent 
elasticity  of  the  machine  itself. 


^a- 


TRANSVERSE  SECTION 
Pig.  E. 

Fig.    E.    is    a    sectional    view    of    Webb's   new   oompound 
locomotive  engine,  which  has  been  tried   successfully  on  the 
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London  and  North- Western  Bail  way.  The  drawing  shows  the 
arrangement  of  the  cylinders,  as  illustrated  in  "  This  EngineeVy^ 
which  journal  describes  the  arrangement  as  follows : — '*  The 
trailing  drivers  are  driven  by  a  pair  of  outside  cylinders,  11 1  in. 
diameter,  and  24  in.  stroke,  secured  to  the  side  frames  at  a  point 
just  in  advance  of  the  leading  driving  wheels.  In  the  smoke-box 
right  beneath  the  funnel  is  fixed  a  third  cylinder  26  in.  diameter, 
and  24  in.  stroke,  the  connectiug  rod  of  which  lays  hold  of  the 
pin  of  a  single  crank  in  the  middle  of  the  length  of  the  leading 
driving  axle.  The  exhaust  steam  from  the  two  small  cylinders 
passes  into  a  kind  of  gridiron  of  pipes  between  the  engine  frames, 
which  pipes  act  as  an  intermediate  receiver,  and  from  thence  it 
is  led  into  a  copper  pipe  coiled  in  the  smoke-box,  in  order  that  it 
may  be  reheated  and  dried.  Thence  it  goes  into  the  valve  chest 
of  the  large  cylinder."  There  are  thus  a  pair  of  driving  wheels 
behind  the  firebox,  driven  by  the  two  side  cylinders  and  a 
pair  of  driving  wheels  before  the  fire-box,  driven  by  the  large 
single  cylinder.  No  coupling  rods  are  employed.  With  a  boiler 
pressure  of  120  lbs ,  the  receiver  pressure  is  about  50  lbs.  The 
compound  system  for  locomotives  has  also  been  tried  in  France. 

In  Meriy weather's  steam  fire-engine  the  boiler  has  the  water 
inside  the  tubes,  the  latter  hanging  down  into  the  fire.  The 
consumption  of  fiiel  is  about  1  lb.  of  coal  per  lOi  lbs.  of  water 
evaporated.  The  working  pressure  is  100  lbs.  The  engines  are 
horizontal  and  direct-acting,  the  pumps  are  direct  and  double- 
acting,  and  are  made  of  gun  metal ;  air  vessels  are  fitted  on  the 
suction  and  delivery  ways. 


Addendum  to  Article  302,  p.  446. 

Of  late  years  considerable  improvement*  have  been  effected  on 
the  Gas  Engine.  The  '^  Otto  "  engine  being  now  arranged  hori- 
zontally, and  is  quite  silent  in  its  action.  The  explosive  action 
takes  place  always  on  the  same  side  of  the  piston,  and  at  every 
two  revolutions.  The  first  stroke  draws  in  the  mixture  of  gas 
and  air,  the  back  stroke  compresses  this  at  end  of  cylinder,  the 
gas  is  then  fired  by  a  gas  jet  and  suitable  valves,  and  the  return 
stroke  expels  the  products  of  combustion.  A  uniform  speed  of 
rotation  is  kept  up  by  means  of  a  heavy  fly-wheel,  which  stores 
up  the  surplus  power  at  each  revolution.  The  cylinder  is  kept 
cool  by  means  of  a  circulating  cuiTent  of  water.  These  engines 
are  made  up  to  60  indicated  horse  power  j  and  the  consumpt  of 
gas  appears  to  be  about  22  cubic  feet  per  indicated  horse  power 
per  hour. 
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In  Clark's  engine  the  explosion  takes  place  at  each  revolution. 
The  proportion  of  gas  to  air  is  about  1  to  12.  The  compression 
of  this  mixture  previous  to  explosion  is  of  advantage,  as  it  is 
found  that  the  explosion  is  more  gradual  as  the  piston  sweeps 
forward.  The  temperature  of  the  exploded  mixture  is  about 
2,800  °  F.  The  pressure  ranges  from  about  200  lbs.  at  beginnings 
to  30  lbs.  at  end,  of  stroke  respectively. 


Addendum  to  Pabt  IV.,  p.  SSQ^Electro-Maoretic 
Engines. 

As  in  electric  lighting,  a  considerable  advance  has  recently 
been  made  in  electric  motors.  These  consist  of  dynamo  machines 
driven  by  currents  of  electricity,  which  may  be  generated  in 
various  ways. 

Thus,  in  some  applications  of  electric  motors  to  tram-cars, 
steam  or  water  power  is  used  to  generate  the  electricity)  through 
the  medium  of  a  dynamo  machine.  The  current  is  thereafter 
conveyed  to  another  dynamo  machine  connected  with  the  wheels 
of  the  vehicle. 

Through  the  use  of  **  Secondary  Batteries,"  successful  attempts 
have  been  made  to  propel  small  vessels.  In  a  recent  experi- 
ment, a  boat  having  a  pair  of  Siemens'  dynamos  as  engines  (the 
electricity  being  obtained  from  a  secondary  battery  charged 
previous  to  starting  by  dynamo  machines  driven  by  a  st^un 
engine  on  shore)  was  propelled  at  a  speed  of  9  miles  per  hour. 


Addendum  to  Section  4,  p.  507 — Obivtbifuoal  Pumps. 

Centrifugal  pumps  are  now  much  used  for  the  discharge  of 
water.  Their  efficiency  is  greatest  at  low  lifts.  Where  the 
lift  is  great,  several  pumps  are  used  at  various  heights.  They 
form  convenient  circulating  pumps  for  the  condensers  of  marine 
engines.  As  the  results  obtained  vary  considerably,  it  is  some- 
what difficult  to  define  the  efficiency. 

The  arrangement  of  such  pumps  is  not  unlike  the  part  B  of 
the  turbine  (Fig.  76,  p.  205),  the  motion  of  the  wheel  being  in 
the  opposite  direction.  The  curved  blades  act  upon  the  water 
which  enters  the  casing  from  the  centre,  and  is  thrown  out  at 
the  periphery  by  the  centrifugal  action.  The  casing  surrounding 
the  b]ades  increases  in  area  towards  the  discharge  pipe. 

From  experiments,  the  weight  of  water  lifted  appears  to  vaiy 
inversely  as  the  square  root  of  the  height,  and  the  efficiency 
is  about  64  per  cent. 
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I. — From  a  comparison  of  the  strength  of  iron  and 

Bteel-wire  ropes,  it  appears  that  the  ordinary  steel  rope  is  nearly 

doable  the  strength  of  the  iron  rope.     In  some  special  steel-wire 

ropes  the  strength  is  more  than  double  that  of  the  ii*on-wire  rope. 

The  safe  working  load  on  such  ropes  when  used  vertically,  as  in 

pits,  is  one-tenth  of  the  breaking  or  ultimate  load.     When  used 

on  inclines,  the  working  load  is  about  one-seventh  of  the  ultimate 

strengtlu     The  'Mife''  of  a  rope  appears  to  be  about  a  year  and 

a-half. 

Let  L  »  Breaking  load  in  tons,  and 

rope  in  inches,  then : — 

UC2  -     . 

for  iron-wire  ropes; 


Circumference  of 


L  - 


L- 


9 

25  Qg 
9 


for  Bteel-wire  ropes; 


^  for  hemp  ropes. 


Addendum  to  Section  2,  p.  485. 

TaiTc  OfMT  muttons. — ^Yarious  forms  of  link  motion  have  been 
devised  with  the  view  of  obtaining  the  necessary  reciprocating 
motion  of  the  valve  without  the  intervention  of  eccentrics.  One 
of  these,  known  as  Joy's  valve  gear,  appears  to  carry  this  out 
with  great  precision. 

In  this  arrangement  the  eccentric  is  done  away  with,  and  the 
necessary  movement  obtained  from  the  motion  of  the  connecting 
rod  itself 

Pig.  1  shows  the  application  of  this  arrangement  to  locomo- 
tive engines,  and  Fig.  2  to  marine  engines. 


Fig.l. 
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A  link,  L  (see  Fig.  1),  whose  extremities  are  secured  to  the 
connecting  rod,  C,  and  to  a  radius  bar,  B,  has  a  lever,  £, 
attached  to  it,  whose  centre  or  fulcrum  works  in  a  slot^  S,  curved 
to  the  radius  of  a  link,  K,  which  connects  the  other  end  of  the 
lever  with  the  valve  spindle,  V. 

The  slot  can  be  turned  or  rotated  so  as  to  incline  on  either  side 
of  the  vertical  at  will.  By  giving  the  slot  these  inclined  posi- 
tionSf  forward  or  backward  motions  of  the  engine  are  obtained. 


Fig.  2. 


In  some  cases  the  slot  is  dispensed  with,  and  the  fulcmm  of 
the  lever  is  carried  by  a  radius  rod.  The  path  of  the  centre,  or 
fulcrum,  in  this  case  can  be  shifted  by  means  of  a  weigh  lever 
and  hand  wheel     (See  Fig.  2). 

One  great  advantage  of  this  form  of  valye  gear,  when  applied 
to  locomotives,  is  that  the  slide-valve  can  be  placed  on  the  top 
of  the  cylinder,  and  thus  larger  cylinders  and  greater  bearing 
surfaces  for  the   driving  axles  obtained.     Another   advantage 
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appears  to  be  that  it  gives  four  points  of  acceleration  and  four 
points  of  retardation  in  the  stroke,  these  points  of  acceleration 
corresponding  to  the  points  of  "  admission "  and  of  "  cut-off," 
and  by  this  peculiarity  not  only  is  the  admission  and  the  cut-off 
executed  very  much  more  smartly  than  by  link,  but  the  ''release  " 
occurs  somewhat  later  and  the  compression  very  much  later,  and 
as  a  result  of  this  an  independent  expansion  valve  is  unnecessary. 
The  dotted  lines  in  Fig.  1  show  the  paths  of  the  various 
centres. 


Addendum  to  Article  261,  p.  334 — Compound  Engine 
Diagrams. 


Professor  Eankine  treats  the  construction  of  compound  engine 
diagrams  as  follows  (see  "Memorial  Volume,"  p.  464,  or  Tfie 
Engineer,  March  11,  1870)  :— 

Fig  1  is  a  theoretical  combined  diagram  for  an  engine  without 
a  receiver,  and  is  shown  by  the  letters  0  D  E  F  G. 


Fig.  1. 

O  C  is  the  initial,  and  B  E  the  final  ahaoluU  pressure ; 

O  O  =  B  F  is  the  mean  back  pressure  ; 

A  A  is  the  atmospheric  line  ; 

O  B  is  the  zero  line  of  absolute  pressure ; 


572 


APPENDIX. 


HE^FGeOBis  the  effective  capacity  of  the  large  cylinder; 

O  D  is  the  initial  volume  of  steam  admitted  per  stroke ;  and 

EH 

p-ry  is  the  total  rate  of  expansion. 

The  dividing  line  marking  the  boundary  between  the  high* 
and  low-pressure  theoretical  diagram  is  represented  by  KH, 
and  is  found  as  follows : — 

"  In  O  B  lay  off  O  P  to  represent  the  effective  capacity  of  the 
highrpre98ure  cylinder.  Through  P  parallel  to  0  0  draw  the 
straight  line,  P  J  K,  cutting  the  back  pressure  line  in  J,  and 
the  expansion  curve  in  K ;  then  K  will  be  one  end  of  the  divide 
ing  line. 

<'  Through  the  lower  end,  E,  of  the  expansion  curve  (aBsomed 
to  be  a  hyperbola),  and  parallel  to  B  O,  draw  E  H,  cutting  O  G 
in  H ;  then  H  will  be  the  other  end  of  the  dividing  line." 

To  find  intermediate  points,  draw  parallel  to  O  B  a  series  of 
straight  lines,  such  as  T  R  Q,  T'  R'  Q',  and  lay  off  on  each  of 
these  lines  a  part,  such  as  B  S,  bearing  the  same  proportion  to 
B  Q  that  P  O  bears  to  P  B ;  the  points  so  found,  such  as  S  and 
S',  will  be  in  the  required  dividing  line,  K  H. 

The  areas  of  the  two  parts,  ODKH  and  KEFGH,  show 
the  comparative  quantities  of  work  done  in  the  high  and  low- 
pressure  cylinders. 


Fig.  2. 


Fig.  2  shows  the  method  of  adapting  the  actual  diagrams  for 
comparison,  thus : — 

C  D  K  H  is  the  diagram  of  the  high-pressure  cylinder,  and 
kj  h  that  of  the  low-pressure  cylinder.  In  combining  these,  the 
length  of  the  base,  O  P,  and  all  lines  parallel  to  it,  are  to  be 
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**  increaaed  in  the  ratio  in  which  the  effective  capacity  of  the 
low-pressure  cylinder  is  greater  than  that  of  the  high-pressure 
cylinder." 

OB 
O  P  is  first  to  be  extended  to  B,  so  that  Q~p^<'  ^  equal  to  the 

ratio  as  above  noted — viz.,  high  to  low  cylinder  capacity. 

Now  draw  a  series  of  lines  parallel  to  O  B,  such  as  arq,  hie^ 
and  draw  P  k,  then  lay  off  «  g  »  0  x  r  «,  the  curve,  k  q  ej,  drawn 
through  the  points,  such  as  g,  is  the  required  boundary  of  the 
enlarged  low-pressure  diagram — viz.,  kqejhak.  A  A  is  the 
atmospheric  line. 

When  the  engine  has  a  receiver,  draw  01  perpendicular 
to  OB9  (Fig.  3),  and  lay  off  parallel  to  OB,  say  sk^exsr, 
Ci 


The  curve,  Ikefg,  drawn  through  the  points,  such  as  ^,  0, 
&c,  thus  found  will  be  the  required  boundary  of  the  enlarged 
low-pressure  diagram. 

When  the  area  of  the  diagram  represents  work  done,  the 
length  of  the  base  represents  the  effective  capacity  of  the 
cylinder.  It  is  thus  necessary  when  combining  the  two  dia- 
grams that  (as  already  shown)  we  increase  the  length  of  base  of 
low-pressure  diagram,  and  all  horizontal  lines  in  it^  in  the  ratio 
of  capacity  of  low-  to  high-pressure  cylinder. 
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EzPANBiOK  OF  Steam  in  Compound  Engines.* 
(1.)  Saturated  Steam  Expanding  in  Jacketed  Cylinden, 

B  »  Ratio  of  cylinder  capacitiesi 

Ej  =  Ratio  of  expansion  in  low-pressure  cylinder 

^  L.P.  stroke  in  inches 
""  L.P.  cut-off  in  inches  * 

rB  Ratio  of  expansion  in  high-pressure  cylinder 

_  H.P.  stroke  in  inches 
""  H.P.  cut-off  in  inches  * 

P  =  Absolute  boiler  pressure  in  lbs.  per  square  inch. 

P^  B  Absolute  initial  pressure  in  high-pressure  cylinder. 

Pg  =  Absolute  mean  receiver  pressure— t.a.,  that  pressure  »t 

which  the  mean  pressures  as  calculated  by  the  fii^t 

term  of  Rule  Y,  will  have  the  same  ratio  to  each  other 

as  the  actual  diagram  mean  pressures. 
PgB  Absolute  back  pressure  in  low-pressure  cylinder  (3  to 

4  lbs.) 

(I.)  Pi  =  PxO. 

**0**  varies  in  different  engines  from  '8  to  '97,  according  to 
the  size  and  length  of  steam-pipe,  and  the  port  opening  at  the 
high-pressure  valve. 

(II.)P,  =  ^-|ixO,. 

"  Oj"  in  receiver  engines  varies  from  '9  to  1  -2,  according  to 
the  receiver  capacity,  the  cylinder  clearances,  and  the  amount 
of  wire-drawing  by  the  valves. 

To  determine  the  ratio  of  the  oylvndera  and  the  degree  of  expan- 
iion  in  each, — With  a  given  boiler  pressure,  P,  and  a  given 
total  expansion,  r  R,  the  actual  values  of  r,  Rp  and  R  ought 
to  be  such  as  to  satisfy  the  following  equation : — 

(III.)  P,  (l±^ZLj£i:J:)_p,  =  R  {P,(^^y-^')-P.| 

*  Professor  Weighton,  M.  A,  on  "  The  Compound  Engine,**  Jran»,  JmL 
JEngineera  and  Shipbuildera  in  Scotland^  vol.  27. 
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In  this  equation  we  must  first  fix  upon  R,  which  will  usually 
lie  between  3  and  4 — the  particular  value  of  K  not  being  of 
vital  moment,  but  varying  in  a  general  way  with  the  boiler 
pressure  and  the  total  expansion.  Then  let  R.  be  fixed  upon 
as  nearly  as  practicable  equal  to  "R,  and  not  falling  short  of  it 
in  any  case  by  more  than  40  per  cent.  Prom  Rule  III.  the  value 
of  r  may  then  be  found,  and  this  will  give  the  normal  working 
grade  of  expansion  in  the  high-pressure  cylinder.  At  all  other 
grades  the  respective  powers  developed  in  the  cylinders  will  be 
unequal. 

To  Esiiviate  Uie  Mean  Pressure. — The  readiest  method  of  com- 
paring the  powers  developed  by  compound  engines,  consists  in 
reducing  the  mean  pressure  of  the  high-pressure  cylinder  to 
what  it  would  amount  to  if  it  acted  upon  the  low-pressure 
cylinder.  This  is  effected  by  dividing  the  mean  pressure  in  the 
high-pressure  cylinder  by  the  ratio  of  the  cylinders  (R),  and 
adding  to  it  the  mean  pressure  in  the  low-pressure  cylinder. 
The  result  is  a  total  mean  pressure,  which,  if  treated  as  acting 
alone  upon  the  low-pressure  piston,  will  give  the  same  total 
power  as  is  given  by  treating  each  cylinder  separately. 

(IV.)  Total  mean  pressure  reduced  to  low-pressure  cylinder 

**  C,"  in  receiver  engines  varies  from  '53  to  '73,  according  to 
the  general  efficiency  of  the  engines,  which  includes  the  efficiency 
of  the  steam-pipes  and  passages,  of  the  jacketing,  of  the  con- 
denser, and  of  the  low-pressure  cut-off  point.  In  short,  Cj  is 
virtually  an  index  of  the  compai*ative  efficiencies  of  different 
engines  of  similar  design. 

When  superheated  steam  in  jacketed  cylinders  is  used,  the 
constants,  0|  and  Q^  will  usually  be  about  10  per  cent,  higher 
than  for  saturated  steam. 

Example  from  practice  with  vertical  screw  engines  of  the 
usual  marine  type  : — 

Cylinders,  34''  and  60^'  diameter  respectively.     Stroke,  3'  -  9''. 
Cut-off  by   expansion   valve  in  high    pressure  at   16"  of   the 

stroke. 
Cut-off  by  main  valve  in  low  pressure  at  26|''  of  the  stroka 
Steam  pressure  in  boilers,  63  lbs.  (above  atmosphere! 
Average  back  pressure,  3  lbs.,  as  measured  from  caraa. 

2p 
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Average  initial  pre«iiire  in  high  pressure,  74  !!«.  (abaolote),  as 
per  cards. 

Cylinders  jacketed — steam  saturated. 
Clearance  H.P.  »  7^  of  cylinder  capacity. 

Clearance  L.P.  =^1  of  cylinder  capacity 

Receiver  capacity  »  70  cub.  ft. «  «  of  H.P.  cylinder. 

Cranks  at  right  angles,  and  high-pressure  crank  leading. 
Actual    diagram    mean    pressures    in    above    circumstances  • 

29*3  lbs.  in  H.P.,  and  10  lbs.  in  L.P. 

29*3 
Actual  mean  pressure  reduced  to  L.P. «  -W*  +  10. 

=  9-45  + 10  « 19-45. 
t.«.,   R  =  3-1,   Ri  =  1-7,  r  «  2-8,   r  R  =  8-68  (total    expansion); 

P=  63  + 15  =  78,  Pi-74,P,»3. 
Then :— 

The  following  gives  the  value  of  P«,  which,  when  treated  u 
an  average  back  pressure  on  the  high-pressure  piston,  and  an 
average  initial  pressure  on  the  low-pressure  piston,  will  give 
mean  pressures  bearing  a  ratio  to  each  other  identical  with  the 
ratio  of  the  actual  diagram  mean  pressures. 


XV.) 


H.  P.  actual  mean  pressure. 

*  L.  P.  actual  mean  pressiua. 

i*  (74  k -724 -P,)    29;3 
(P,  K  -9     )-3   *'10 

l\  =  17. 


c,- 


17  X  8-68 
74x1-7 

117 


4BPS.IIW|^. 


W? 


Q     actual  mean  pressure  on  L.P. 
•  p /I  +  hyp.  Jog,  rR\ 

19-45 
"^  78  "x  -364 

m  -685 


(2.)  ScUurcUed  Steam  Expanding  in  Unjacketed  CyUndert, 

Using  the  same  symbols  as  for  jacketed  cylinders,  the  folio vr 
ing  modifications  fall  to  be  made  : — 


au.) 


p.= 


h. 


*~  (t^y^ 


10  '^^i- 


"Oj"  in  receiver  engines  raries  from  -82  to  -96. 

<"i^)      '.(V"-4)-.-{r.(^-sfv)-.}- 

See  annexed  Table  for  values  of  these  multipliers. 
(IVa.)  Total  mean  pressure  reduced  to  low  pressure  cylinder. 

"Og"   in  receiver  engines  varies  from  -52  to  '75. 
To  find  Pj  from  diagrams  of  actual  engines  : — 


/V*  X  'Vr      »-\P/        '   _  H.P.  aotiial 

^       '        ZT^         9    \     p  -  t.P.  actual 


mean  pressure 


mean  pressure 
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Tabu 

roR  OaloviiATIno  Mean  Prbwurbs  for 
Steam. 

Satoratcd 

r 

rV 

{^-^) 

r 

r.V 

va 

x*a36 

•99 

33 

377 

•645 

t'i 

1-34 

•976 

34 

39 

•633 

1*4 

«*46 

•938 

35 

40a 

•618 

«S 

1-57 

•934 

3-6 

4-iS 

•609 

1-6 

1-69 

•924 

37 

4-38 

•6 

»•? 

1-8 

•88a 

3-8 

441 

•59 

1-8 

1-92 

•87 

39 

453 

•577 

i'9 

2-04 

•851 

4-0 

467 

•57 

fl-O 

ai6 

•833 

4-1 

4-8 

•564 

•*i 

3-38 

•81 3 

42 

4*93 

•555 

fa 

«-4 

•795 

43 

5-06 

•547 

1-3 

a-Sa 

•777 

44 

5-19 

•539 

■•4 

a '64 

•76 

4-S 

5-3» 

•53 

«S 

277 

•75 

4-6 

5^45 

■5U 

fl*6 

3-89 

•73» 

4-7 

5^58 

•5" 

«7 

3-01 

•7»3 

4-8 

5-71 

•S08 

f8 

3»4 

•70s 

4'9 

5-85 

•503 

s-9 

3a6 

•687 

S-o 

5-98 

•495 

3-0 

339 

•678 

5-1 

611 

•488 

3-1 

3-5» 

•661 

S-a 

625 

•483 

S« 

3*64 

•6sa 

(8.)  ^tfte  qf  Variation  qfthn  JSUmenU. 

In  any  nngine  with  a  given  ratio  of  cylinders  the  effect,  other 
dhings  being  unaltered,  of — 
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Raising  P^  is  to  increase  the  total  power,  but  to  increase  it 
to  a  greater  extent  in  the  low  pressure  than  in  the  high 
pressure ; 

Lowering  P^  is  to  diminish  the  total  power,  but  to  diminish  it 
to  a  greater  extent  in  the  low  pressure  than  in  the  high 
pressure ; 

Raising  r  (advancing  the  high-pressure  cut-off  point)  is  tc- 
diminish  the  total  power,  but  to  diminish  it  to  a  greater 
extent  in  the  low  pressure  than  in  the  high  pressure,  and 
to  increase  the  economy  of  the  engines ; 

Lowering  r  (cutting  off  later  in  the  high  pressure)  is  to  rais« 
the  total  power,  but  to  raise  it  to  a  greater  extent  in  the 
low  pressure  than  in  the  high  pressure,  and  to  diminish  the 
economy  of  the  engines  ; 

Raising  R^  (advancing  the  low-pressure  cut-off  point)  is — assum- 
ing that  R^  never  exceeds  R,  and  that  the  other  adjustments 
are  such  as  to  obviate  an  injurious  range  of  temperature  in 
the  low-pressure — to  raise  the  total  power,  but  to  raise  it 
to  a  much  greater  relative  extent  in  the  low-pressure 
cylinder  and  to  diminish  it  in  the  high  pressure,  and  to 
somewhat  increase  the  economy  of  the  engines  ; 

Lowering  R^  (cutting  off  later  in  the  low  pressure)  is — assuming 
that  R^  never  exceeds  R — to  diminish  the  total  power,  but 
to  diminish  it  to  a  much  greater  relative  extent  in  the 
low  pressure  and  to  raise  it  in  the  high  pressure,  and  to 
somewhat  diminish  the  economy  of  the  engines. 

In  the  case  of  proposed  engines  the  effect,  other  things  being 

analtered,  of — 

Raising  R  will  be  to  diminish  the  power  in  the  low  pressure  and 
to  raise  it  in  the  high  pressure,  and  whether  the  total  power 
will  be  affected  or  not  depends  on  the  extent  to  which  R 
has  been  diminished  and  on  the  actual  values  of  R  and  R^ ; 

Lowering  R  will  be — assuming  R|  never  exceeds  R — to  raise 
the  power  in  the  low  pressure  and  to  diminish  it  in  the 
high  pressure,  and  whether  the  total  power  will  be  affected 
or  not  depends  on  the  extent  to  which  R  has  been  diminished 
and  on  the  actual  values  of  R  and  R, ; 

Increasing  the  receiver  capacity  will  be — in  receiver  engines,  t.&, 
engines  with  cranks  at  90''  or  thereby — to  slightly  diminish 
the  low-pressure  power,  and  to  increase  the  power  in  the 
high  pressure  to  almost  exactly  the  same  extent  as  the 
low  pressure  is  diminished ; — receivers  being  of  reasonable 
capacity. 

Diminishing  the  receiver  capacity  will  be,  under  the  above  cir- 
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damstances,  to  slightly  increftse  the  low-presBnre  power, 
and  to  diminish  Uie  power  in  the  high  preesare  to  mfanost 
exactly  the  same  extent  as  the  low  pressure  is  increased. 

In  the  case  of  non-receiver  engines,  whose  pistons  begin 
and  end  their  strokes  simultaneously,  as  in  the  old  Woolf 
type,  the  effect  of  the  receiver  pipes  is  the  same  as  in  the 
above,  but  ivtcrease  in  receiver  capacity  is  attended  with  an 
appreciable  diminution  of  total  power  as  welL  In  short, 
intermediate  passages  or  receivers  between  the  cylinders 
of  Woolf  engines  are,  economically  considered,  necessary 
evils,  and  are  to  be  kept  as  small  as  possible,  not  acting  as 
"receivers,"  but  merely  as  "passages." 


Flow  op  Water.    See  p.  113. 

It  would  appear  that  the  formule  given  on  p.  113  for  the  flow 
of  water  in  pipes  is  only  for  long  lengths,  where  the  ratio  of 
^  to  A  is  great,  thus — From  equation  5,  p.  113,  we  get 


hd 


Taking  4/  (see  equation  6)  as  approximately  equal  to  *02,  and 
assuming  the  ratio  j  as  r-^  and  d  ^  1,  we  have 


-4 


^^\^  ^\a    ^  "  5^*7  feet  per  second. 

•02  X  16  '^ 


Kow  the  velocity  which  a  body  acquires  when  falling  from  rest 
through  a  height  of  16  feet  is  only  32  feet  per  second,  hence  the 
value  of  56*7  feet  for  v  is  too  high. 

The  loss  of  head  due  to  the  i-esistance  to  the  flow  of  the  water 
in  a  pipe  may  be  considered  as  mainly  due  to  frictional  retarda- 
tion, and  is  found  to  vary  directly  as  the  length  of  the  pipe, 
inversely  as  the  diameter,  and  nearly  as  the  square  of  the 
velocity,  all  multiplied  by  a  coefficient^  which,  as  above,  is  taken 

Hs.02,orA,-^. 
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The  head  loet  due  to  the  velocity  of  the  flowing  water  is 
/^  »  _^  hence  the  total  head  may  be  expressed  m 

The  Tdocity  will  therefore  be 


Ik  X  64-4  /64-4 


kd 


which,  if  I  and  h  be  taken  as  each  equal  to  16  feet,  as  before 
will  give  «  =:  28  feet  per  second  nearly. 


Triple-Expansion  Engines. 

The  Triple-expansion  system  of  marine  engine  has  now  largely 
superseded  the  compound  system  for  ocean-going  steamers. 
Increased  steam  pressure  through  greater  strength  of  boiler — 
obtained  largely  through  the  use  of  steel  plates  and  corrugated 
furnace-flues — has  enabled  the  advantage  of  expansive  working; 
to  be  more  fully  carried  out;  so  that  engines  with  three,  and 
even  four,  cylinders,  in  which  the  steam  at  a  high  initial  pressure 
is  expanded  successively  from  the  high-pressure  cylinder  through 
the  intermediate  cylinders  and  low-pressure  cylinder,  are  now 
found  to  be  more,  economical  than  the  older  forms. 

The  weight  of  machinery  and  boilers  being  also  reduced  a 
further  advantage  is  gained,  as  it  is  found  that  in  steamers  of  the 
same  size  and  power,  fitted  with  compound  and  triple  engines 
respectively,  and  making  a  long  sea  voyage  in  the  same  time, 
the  consumpt  of  coal  is  much  less  in  those  fitted  with  the  triple- 
expansion  engines;  a  further  economy  arising  from  the  space 
thus  set  free  for  cargo. 

The  advantage  of  using  steam  expansively  has  been  long  recog- 
nibed,  the  difficulty  generally  lying  more  in  the  boiler  than  in 
the  engine;  and,  indeed,  some  authorities  believe  that  in  the 
future  improvements  will  be  made  more  in  the  boiler  than  in 
the  engines. 

The  following  table  shows  the  advantage  of  using  steam 
expansively  up  to  12  expansions : — 
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Cut-off. 

Ratio  of 
Expansion 

r 

Hyp.  Log. 

r 

Mean 
Pressure. 

Effieiency. 

I 

I 

oooo 

I 

IX>00 

■  t 

2 

0693 

•846 

1-692 

i 

3 

1-098 

.699 

2097 

4 

1386 

•598 

2392 

J 

5 

1*609 

•522 

2-6io 

[          ■• 

6 

1791 

•465 

2790 

T 

7 

1945 

•420 

2940       1 

r 

8 

2079 

•385 

3080       ' 

T 

9 

2197 

•355 

3«95 

lO 

2302 

•330 

3300 

II 

2397 

•308 

3-388 

tV 

12 

2484 

•290 

3480 

The  mean  pressure  being  calculated  by  the  formula 
(1  +  hyp  log  r) 

;•  -Pi z ^• 


See  pp.  408>411,  also  pp.  428  and  437. 

The  efficiency  of  the  steam  is  thus  shown  to  be  increased  by 
expansive  working,  necessitating  at  the  same  time  high  pressure, 
so  that  the  expansion  may  be  obtained ;  here,  however,  another 
element  enters  in,  namely,  the  temperature  of  the  steam,  whidi 
increases  as  we  raise  the  pressure.  At  page  601  a  table  is  given 
showing,  amongst  other  things,  the  relations  of  pressures  and 
temperatures,  and  by  the  use  of  it  we  may  show  the  real 
efficiency  of  the  steam  whilst  expanding.  The  maximum 
efficiency  of  a  heat-engine  is  shown  at  p.  343  to  be  represented 

by  -^ ^,  r^  and  r^  being  the  absolute  temperatures  at  the  com- 

inenceuient  and  end  of  the  range  through  which  the  fluid  works. 
(See  also  p.  437.) 

Let  steam  be  admitted  t.o  a  cylinder  at  a  pressure  of  102  lbs., 
the  corresponding  temperature  for  which  (see  table,  p.  601)  is 
about  329''  F.,  and  let  the  temperature  after  expansion,  ur 
condenser  temperature,  as  it  is  sometimes  taken,  be  104'',  then 
329*  -r  46  r  =  790"  is  the  absolute  temperature,  Tj,  of  admission. 
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and  104"  +  461*  =  566°  is  the  absolute  temperature  at  end  of 


range,  or  r^,  then  -1 


r,  -  r, 


-J      790  -  565       ^^ .  .    ^. 

-  =  — 7Q(r"      =  '"°^  ^  *"®  maximum 


efficiency  of  the  steam. 

The  annexed  diagram  shows  the  maximum  efficiency  of  steam 
at  various  pressures,  from  which  it  will  be  seen  that,  for  a 
uniform  increase  in  efficiency,  we  must  increase  the  pressures  at 
a  rapidly  increasing  rate. 


Temperaturea  V 


383 


The  maximum  efficiency  of  the  heat  producing  the  steam  may, 
in  the  same  way,  be  found  by  taking  the  ratio  obtained  by  using 
the  extreme  temperature  of  the  gases  in  the  furnace,  say  about 
2400°  F.,  and  that  of  the  escaping  gases  in  the  chimney,  or  say 

about  600°  T.  (see  p.  292),  from  which  we  get  ^^^L",^^^^  =  -63. 

zobi 

In  a  general  way  we  may  express  the  total  working  efficiency 

as  follows : — 

Efficiency  of  furnace  and  boiler ^ 

„  the  steam,. ^ 

„  the  machinery  and  propell er, -^ 

The  product  of  which  gives  y^^  or  nearly  ^y-  as  the  resulting 
efficiency. 

The  total  efficiency  of  the  engine  may  be  also  obtained  by 
considering  the  work  got  from  the  coal  consumed.  Thus,  1  lb. 
of  ordinary  coal  by  its  combustion  should  produce  about  14,500 
thermal  units.  (See  p.  278.)  Let  this  pound  of  coal  be  con- 
sumed in  one  hour,  then  ^^  =  241*6  thei*mal  units  per 
minute.     Multiplying  this  by  772  (the  mechanical  equivalent  of 
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heat)  we  get  186,515  foot-ponnds  of  work  per  minate,  aad 
dividing  by  33,000  we  have  5*6  horse-power  as  the  ralae  which 
should  be  obtained  from  1  lb.  of  coal  per  hour  if  we  coald  com- 
pletely utilise  the  energy  contained  in  it 

In  the  improved  triple-expansion  engines  now  used  at  sea  we 
may  take  one  and  a-half  pounds  of  ooal  as  eauivalent  to  one 
indicated  horse-power,  but,  from  the  above  calculation^  8  4  horse- 
power should  be  got  from  a  pound  and  a-half  of  coal,  hence  the 
efficiency  is  as  1  to  8*4,  or  say  between  |th  and  j-th. 

Further  loss  is  sustained  through  the  machinery  driven,  as  in 
the  case  of  a  paddle-wheel  or  the  screw-propeller.  If  the 
efficiency  of  the  propeller  be  taken  at  ^,  we  have  about  ^th 
as  the  resulting  efficiency. 

The  late  Dr.  Froude  gives  only  37A  per  cent,  of  the  indicated 
power  as  the  value  of  the  thrust  of  the  propeller,  and  states  the 
various  proportions  of  loss  of  power  in  the  mechanism  as 
follows:— 

Friction  due  to  working  load  on  engine,  -143  I.H.P. 

Air-pump  resistance, '075     „ 

Constant  friction  due  to  dead-weight )    , . « 
and  tightness  of  moving  parts,...  /  " 

After  allowing  for  these  losses  we  have  £.H.P.,  the  effective 
horse-power,  equal  to  the  useful  thrust  or  ship's  true  resistanoi*, 
but  in  the  action  of  the  screw  itself  there  are  losses  which  Dr. 
Froude  states  as  follows  : — 

The  augmentation  of  ship's  resistance  due  | 

to  negative  pressure  caused  by  the  >  *4  E.H.P. 
propeller, j 

Friction  of  screw  blades, '1      „ 

The  proportioning  of  the  sizes  of  the  cylinders  in  the  triple- 
expansion  engine  like  that  for  the  compound  (see  pp.  571-580) 
depends  on  various  considerations,  equality  of  work  done  in  each 
cylinder  being  an  important  point. 

Comparing  the  sizes  of  the  cylinders  of  a  large  number  of 
triple-expansion  engines  now  working  at  sea,  the  average  pro* 
portional  arrangement  of  diameters  is  very  much  as 

1  -  1-6  -  2-6. 
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Fig.  1  represents  the  cylinders  and  valves  for  a  two-orank 
quadruple.  The  arrangement  is  the  same  as  usual  for  the 
ordinary  compound  engine,  the  only  difference  being  that  the 
high-pressure  cylinder  is  replaced  by  a  tandem  pair,  which  may 
be  dJled  the  high-pressure  cylinders,  and  the  usual  low-pressure 

Fig.  I. 


cylinder  by  another  tandem  pair,  which  may  be  called  the  low- 
pressure  cylinders.  These  tandem  cylinders  differ  from  those  of 
tandem  engines  hitherto  constructed  in  not  having  any  valves, 
casings,  or  steam-pipes  directly  attached  to  them,  the  valves  for 
distributing  the  bteam  to  the  upper  cylinders  being  contained  in 
the  valve  casings  of  the  lower  cylinders.  This  enables  the  upper 
cylinders  to  be  lifted  when  required  with  almost  as  much  facility 
as  ordinary  cylinder  covers.    The  conical  form  of  the  pistons  with 

•  The  Editor  is  indebted  to  Mr.   Walter  Brock,  Dumbarton,  for  the 
drawings  and  description  of  quadruple  engines. 
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their  apices  towards  each  other,  admits  of  a  space  between  tht 
cylinders  without  increasing  the  total  height  This  space  gives 
access  to  man-holes  opening  into  the  top  of  the  lower,  and  the 
bottom  of  the  upper  cylinders.  The  piston-rods  between  the 
cylinders  haye  metallic  packing  like  a  piston,  access  to  the  junk 
ring  being  had  by  the  doors  leading  into  the  bottom  of  the  upper 
cylinders. 

Fig.  2  shows  the  cylinders  for  a  three-crank  quadruple  engine, 
and  would  be  the  arrangement  used  for  powers  so  large  as  u 
render  it  desirable  to  have  two  instead  of  one  low-pressure 


cylinder.  There  are  no  stuffing-boxes  required  between  the 
valves  of  the  upper  and  lower  cylinders.  The  piston  valves  for 
the  upper  cylinders  also  serve  as  balance  cylinders  for  themselvee, 
the  lower  valves,  and  the  gear. 
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Tbe  qnadruple  engine  for  the  Jumna^  built  and  engined  in 
1886  by  Messrs.  Denny  of  Dumbarton,  has  the  cylinders  of  the 
following  dimensions : — 

30  -  42  -  60  -  84  inches  diameter. 
Stroke,  5  feet,  with  160  lbs.  steam  pressure. 

Sy  reducing  in  this  way  the  variation  of  temperature  in  the 
cylinder,  the  loss  from  condensation  of  the  steam  is  lessened  and 
economy  gained. 

Locomotive  Engines.     See  p.  532. 

^Express  passenger  engines,  with  18-inch  cylinder,  7  fl.  or  8  ft. 
driving  wheels,  weigh  about  42  tons,  and  with  tender,  loaded, 
about  68  tons. 

The  length  of  stroke  is  24  inches,  wheel  base  about  21  feet. 
Heating  surface  about  1000  square  feet,  of  which  about  one- 
twelilh  is  in  the  fire-box,  the  rest  in  the  tubes.  The  area  of  fire- 
grate being  about  14^  square  feet.  Such  engines  carry  a  working 
pressure  of  130  to  140  lbs.  per  square  inch,  and  can  exert  a  tractive 
force  of  90  lbs.  for  each  lb.  of  effective  pressure  on  piston,  and  will 
draw  a  train  of  17  carriages,  weighing  about  190  tons,  at  a  speed 
of  50  miles  per  hour  on  the  level.  For  heavier  traffic,  engines 
with  small  wheels,  coupled,  are  used.  Cylinder,  19  inches  dia- 
meter ;  stroke,  26  inches ;  heating  surface,  2000  square  feet ; 
steam  pressure,  200  lbs.;  weight  of  engine,  about  70  tons. 


Strength  of  Materials.     See  p.  67 

The  ultimate  strength  of  leather  belts  is  about  3,200  lbs.  per 
square  inch ;  the  working  strength  being  about  ons-tighth  of  this. 

Ultimate  strength  of  steel  wire,  90  to  140  tons  per  sq.  in. 

Phosphor  bronze  wire,  45  „           „ 

Copper  wire,    ....  18  „          „ 
Steel  wire  ropes,  li  inch  dia., 
such  as  are  used  for  cable 

tmmways,         ....  39  „ 

Lead,  as  used  in  leaden  pipes,  .  1  »           » 

Delta  metal,     ....  30  „           „ 

The  following  rules  give  a  good  approximation  to  the  strength 
of  wire  and  hemp  ropes : — 

L  =  V  C*  for  iron  wire  roi>e8. 
L  =  y  C*  for  steel         „ 
L  =   I  C*  for  hemp  ropes. 
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Where  L  is  BreakiDg  Weight  in  tons,  aod  0  the  cireumfiBreDoe 
of  the  rope  iu  inches,  working  strangth  at  high  speeds  ans4mUk 
of  this. 

The  ultimate  strength  of  sheet  copper  appears  to  vary  fVtmi 
14  to  17  tons  ()er  sqnare  inch,  the  elastic  limit  being  reached  at 
abont  one-half  o^  this. 

When  annealed  the  ultimate  strength  is  reduced  to  aboBi  15 
tons,  with  an  elastic  limit  of  about  5  tons. 

At  temperatures  of  about  400*  F.  there  is  a  loss  oi  atreogth  of 
about  20  per  cent 

The  strength  of  brazed  joints  appears  to  be  about  75  per  oeDt. 
of  that  of  the  metal. 

Solid  drawn  copper  i<eaches  about  18^  tons,  the  elastic  limit 
being  reached  about  16  tons. 


CuRRUGATBO  Flubs.  See  pp.  70  and  474. 

From  recent  exj)eriments  on  steel  corrugated  flues  by  Mr.  Parker, 
of  Lloyd's,  the  following  formulae  are  proposed  for  strength  : — 

Ultimate  crushing  strength  in  lbs.  per  sq.  in.  =  — ^—z , 

where  t  is  the  thickness  of  plate,  and  d  the  mean  diameter  of 
furnace. 

w    u-        *        *k-    IK                 •        1000x(T~2) 
Working  strength  m  lbs.  per  sq.  in.«= 1^ % 

where  T  is  the  thickness  of  plate  in  sixteenths  of  an  inch,  and  D 
the  greatest  diameter  of  the  furnace  in  inches.  With  the  latter 
rule  the  margin  of  safety  appears  to  be  fully  5. 

The  experiments  were  carried  out  with  a  flue  having  the  oocm- 
gation  \\  inch  deep  and  6  inch&s  apart.  The  steel  plate  showed  a 
tenacity  of  22*7  tons  per  square  inch,  with  an  elongation  of  35  per 
cent  in  a  length  of  10  inches. 

The  Board  of  Trade  gives  the  following  rule  for  the  strength  of 
these  flues : — 

'•  C  X  T 
■ — ^ —  =  working  pressure. 

0  =  14,000. 

T  =  thickness  in  inches. 

D  ~  outside  diameter  in  inches,  measui^  at  the  bottom  of  the 
corrugations  when  the  furnace  is  of  the  corrugated  or  auapenaioD 
type,  or  over  the  plain  parts  when  it  is  of  the  ribbed  and  grooved 
description." 


SnuBVOTH  OF. Shafts  for  Scbbw  STBAMERa    See  p»  79. 

^D^S 


/(2  +  r) 

Where  c^  =  diameter  of  crank  shaft  in  inches. 

D^  =  square  of  diameter  oi  low-pressure  cylinder  io  inches, 
or  the  awn  of  the  squares,  if  there  are  more  than 
one. 
r»the  ratio  of  areas  of  low-  to  high-pressure  cylinder. 
Ps  absolute  pressure,  or  boiler  pressure  +  15. 
8  ~  stroke  in  feet. 
fj  has  the  following  values : — 170  for  two  cranks  set  at  right 
angles,  and  180  for  three  cranks  set  at  120''  apart. 
The  diameter  of  the  intermediate  shaftings  *95  d. 


Phosphob  Bbonze.     See  p.  67. 

This  metal,  an  alloy  of  copper,  tin,  and  phosphorus,  is  found 
to  possess  a  high  tensile  strength  and  great  endurance  as  regards 
wear,  and  is  being  used  principally  for  bearings  and  machinery. 

The  various  strengths  of  this  metal  appear  to  vary  gi*eatly 
according  to  the  proportions  of  materials  used,  hence  different 
alloys  are  employed  for  different  classes  of  work;  the  range  of 
ultimate  tensile  strength  being  from  22,000  lbs.  to  57,000  lbs.  per 
square  inch,  whilst  the  ultimate  compressive  strength  varies  from 
about  21,500  lbs.  to  45,000  lbs.  per  square  inch. 

It  also  appears  that  wire  made  of  this  metal  possesses  the 
quality  of  high  tensile  strength. 


Manganese  Bbonze.     See  p.  67. 

The  strength  and  freedom  from  corrosion  of  manganese  bix>nze 
constitute  it  an  excellent  material  for  screw  propellers,  as  blades 
of  lighter  section  can  be  used  than  are  required  for  steel. 

The  tran8vei*se  strength  appears  to  be  about  double  that  of  gun- 
metal  and  steel,  and  its  tensile  strength  varies  from  24  to  40  tons 
per  square  inch. 

Combustion  of  Coal.    See  p.  285. 

The  rate  oi  combustion  in  marine  boilers  at  sea  with  ordinary 
bituminous  coal  with  natural  draught  is  about  15  lbs.  fier  square 
foot  of  grate.     With  fan  di aught  it  is  from  1:5  to  2b  lbs. 
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The  fans  in  some  cases  force  the  air  into  the  iiimaoes,  in  othets 
they  sack  the  air  through;  the  former  is  known  as  forced  draaght^ 
and  the  latter  as  induced  draught. 

Corrosion  in  Boilers.    See  p.  467. 

Various  methods  have  been  tried  to  prevent  corrosion  and  pitting 
in  boilers.  Zinc  has  been  used  snocessfullj  to  prevent  galvanic 
action ;  whilst  lime  and  Portland  cement  have  been  introduced  to  pro- 
tect the  surfaces.  When  the  water  is  pure  and  of  a  moesj  character 
little  con-osion  takes  place.  One  matter  that  requires  special  atten- 
tion is  the  arrangement  of  the  feed  apparatus :  the  heating  of  the 
feed  water  and  absence  of  air  in  it  are  of  primary  importanoa 

Addendum  to  Article  317,  p.  464. 
Safety  Val.vk  Arkas,  as  BSQuiRhu  by  ihk  Board  of  Trade. 
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APPBNDIX. 

SAnTT-VALYB  Arbas — eofUinued. 
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TABLES. 


L — Tablb  of  Heights  bub  to  YsLOorriBa. 


EXPLANATION  OF  STMBOLa. 

V  =  Velocity  in  feet  per  second. 
4  =  Height  in  feet  ^  v'  -h  64*4. 

This  table  is  exact  for  latitude  54®(,  and  near  enough  to 
ness  for  practical  purposes  in  all  parts  of  the  earth*8  sui&ce. 
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WEIGHT,   BZPAB8IOH,  AND  SPECIFIC  UBAT. 
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Tablb  of  the  Elasticity  of  a  Perfect  Oa& 


EXPLANATION  OF  SYMBOLS. 

T. — Temperature,  measured  from  the  ordinary  zenx 
t. — Absolute  temperature,  measured  from  the  absolute  zero. 
P. — Pressure  of  a  perfect  gas  in  pounds  avoirdupois  on  the  square 
foot. 

V. — ^Volume  of  one  pound  avoirdupois  in  cubic  feet. 

PV. — Product  of  these  quantities  at  any  given  temperature. 

PoY|^ — Value  of  that  product  for  the  temperature  of  melting  ica 
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PV 


Centlgnida.  FabranlMiU  

T         I            T         I  P.Pg 

96*      369*         203*      664a  i-34<^8 

100 374 2ia 673-a  1*3650 

105       379         321       682-2  I '383* 

110       384         230       69i'2  i'40»5 

115       389         239       700-2  I '4*97 

120       394         248       709-2  1-4380 

125 399 257  718-a  ^  1-4562 

130       404          266       7272  1*4744 

13s       409          375       73^2  i'49«7 

140      414         284      745«  I'S^op 

145      419         ^93      754J»  »*5a9» 

150 424 302 763*2  1*5474 

155       4«9         3"       11^'^  '-5^57 

160       434         320       781-2  15839 
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170       444          338       799a  "•^*?4 
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180      454        356      817a  1-55^9 

185      459        365      826-2  1-6752 

190      464        374      8352  1-6934 

195          469              383          8443  mn 

200 474 392 8532  i-7a99 

205      479         401      862-2  17481 

210      484         410      8712  1-7664 

215      489         419      880-2  17846 

220      494         428      889-2  18029 

230      504         446      907  •«  I '8394 

240      514         464      9252  1-8759 

250 524 48a 943a  ^•9"4 

260       534         500       961-2  1-9489 

270       544         518       9792  1*9854 

280      554         536      997 -a  20219 

290      564         554      xoiS*  «'0584 

300 574 572 10332  2-0949 

310      584         590      1051-2  21314 

320      594         608      10692  21679 

330      604         626      1087-2  2-2044 

340      614         644      1005-2  a-2409 

350 624 662 1123-2  2-2774 

360      634         680      1141-2  a -31 39 

370      644         6gB             ii59«  a-3504 

380      654         716      1177*2  2-3869 
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PART  V. 

OAS,   OIL,   AND   AIR   ENOINES. 
By  Bbtan  Donkin,  M.Iiut.C.£. 


Gas  Ekginrs. 

Internal  combustion  engines,  or  engines  generating  heat  and 
converting  it  into  work  in  a  motor  cylinder,  have  of  late  (1897; 
acquired  such  importance,  and  increased  so  greatly  in  size  and 
number,  that  they  demand  treatment  in  a  separate  chapter. 
During  the  last  quarter  of  a  century,  the  construction  of  gas 
engines  has  passed  from  the  experimental  to  the  practical  stage, 
the  H.P.  developed  has  risen  from  under  10  to  300  and  400,  and 
the  purposes  to  which  they  are  applied  are  yearly  increasing. 
A  great  impetus  has  been  given  to  their  manufacture  by  the 
introduction  of  cheap  or  power  gas.  The  first  practical  gas  engine 
was  brought  out  by  Lenoir  in  1861,  with  a  heat  efficiency  of 
4  per  cent. ;  the  first  4-cycle  compressing  engine  by  Otto  in  187C, 
with  a  heat  efficiency  of  about  15  per  cent  Since  then  their 
advance  and  improvement  have  been  rapid,  and  a  heat  efficiency 
of  28  per  cent,  has  been  attained.  There  are  now  some  100  firms 
making  gas  engines  in  England  and  on  the  continent  lu  1878, 
Mr.  Dowson  introduced  his  system  of  cheap  or  power  gas.  Id 
the  last  ten  years,  oil  engines  have  also  come  greatly  to  the  front, 
but  chiefly  for  small  powers.  The  first  oil  engine  appeared  about 
1870;  the  Priestman  was  brought  out  in  1888.  About  50  firms 
here  and  abroad  now  make  them,  and  they  are  likely  to  be  much 
used  for  motor  carriages  and  portable  engines.  In  the  present 
chapter,  the  subject  of  internal  combustion  engines  is  divided 
into  : — Gas  engines,  non-compressing,  atmospheric,  compressing  ; 
English  and  foreign  4-cycle  engines;  power  gas;  theory  of  the 
gas  engine;  oil  engines;  and  applications  of  gas  and  oil  motors. 

Priacipics  aad  w«rkiac  Mecii^d. — The  principles  governing  gas 
and  steam  engines  are  the  same,  namely,  the  conversion  of  heat 
into  work  by  the  propulsion  of  a  piston,  but  they  are  put  into 
practice  differently.     Instead  of  producing  motive  power  by  the 
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expansion  of  steam,  it  is  obtained  by  the  explosion  of  a  mixture  of 
gas  and  air,  the  ratio  giving  the  best  results  being  about  1  of  gas 
to  7  or  8  of  air.  The  charge  is  introduced  directly  into  the 
cylinder  of  an  engine,  and  there  exploded,  and  the  pressure  thus 
generated  drives  out  the  piston.  The  products  left  in  the  cylinder 
after  explosion  are  discharged  to  the  atmosphere  in  the  same  way 
as  the  exhaust  steam  in  a  non-condensing  engine.  There  are, 
however,  certain  essential  differences  in  the  working  method  of  the 
two. 

In  the  first  place,  a  gas  motor  has  no  boiler,  the  gas  being 
delivered  to  the  cylinder  direct  from  the  gas  main  or  gas  generator. 
A  fresh  charge  must  be  mixed,  admitted  and  fired  for  each  ex- 
plosion, or  each  impulse  given  to  the  piston.  Modern  gas  engines 
are  also  provided  with  a  cooling  water  jacket.  In  steam  engines, 
the  aim  is  to  keep  the  cylinder  as  hot  as  possible,  usually  by  means 
of  a  jacket  of  hot  steam  ;  in  a  gas  motor,  the  heat  due  to  repeated 
explosions  is  so  great  that  the  engine  will  not  work,  unless  the 
temperature  of  the  cylinder  is  considerably  reduced  by  a  jacket  of 
cold  water  circulating  round  it.  With  very  few  exceptions,  steam 
engines  are  made  double-acting;  in  gas  motors,  on  the  contrary, 
the  charge  is  generally  admitted  on  one  side  of  the  piston  only,  the 
other  end  being  open  to  the  atmosphere.  With  steam,  the  pressure 
is  generated  in  the  boiler;  in  gas  engines,  the  gas  and  air  are 
compressed  before  explosion  either  in  the  motor  cylinder  itself, 
or  in  an  adjoining  pump.  Successive  expansions  in  two  or  more 
cylinders,  which  are  a  distinguishing  feature  in  modem  steam 
engines,  play  no  part  at  present  in  gas  motors.  Where  several 
cylinders  are  used,  it  is  only  to  increase  the  power,  a  fresh  charge 
being  admitted,  and  the  same  cycle  carried  out  separately  in  each. 

Among  the  structural  differences  thus  necessitated,  the  most 
important  is  the  need  of  a  light  of  some  kind  close  to  the  cylinder, 
to  ignite  the  gas  charge  when  formed.  As  a  rule,  gas  engines 
have  no  stufBng-boxes,  the  connecting  rod  often  acts  directly  on 
the  crank,  and  the  parts  are  perhaps  f^wer  and  simpler  than  in  a 
steam  engine.  The  flywheel  is  important,  and  is  utilised  to  store 
up  energy,  as  there  is  only  one  motor  stroke  in  four  in  most 
modem  gas  engines.  Governors,  usually  [)endulum,  are  necessary 
to  regulate  the  speed  when  the  work  varies.  With  gas  motors 
no  time  is  lost  in  starting,  as  in  steam  engines,  as  there  is  no 
getting  up  steam. 

BIIMM7. — In  the  earliest  heat  motors,  it  was  proposed  to  obtain 
power  by  the  use  of  an  explosive.  Hautefeuille,  Papin,  and 
Huyghens  used  powder.  Barber  and  Street,  inflammable  gas  to 
procure  an  explosion ;  but  the  first  proposal  to  drive  a  piston  by 
the  combustion  of  air  and  gas  in  a  cylinder,  according  to  modem 
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methods,  was  made  by  Lebon,  a  Fi-encb  engineer,  about  1800. 
For  the  next  sixty  years,  gas  engines  remained  in  an  experimental 
stage,  and  their  development  was  retarded  by  two  circumstances. 
The  manufacture  of  lighting  gas,  the  only  heat  agent  at  that  time 
available,  was  still  in  its  infancy,  while  to  obtain  sufficient  energy 
to  drive  a  piston  smoothly  and  continuously,  without  an  explosion 
which  shattered  the  engine,  was  almost  an  insuperable  difficulty. 
During  this  time  the  construction  of  the  steam  engine  made  rajiid 
progress,  the  type  was  fixed,  and  although  many  improvements 
have  since  been  added,  the  geneitil  design  has  not  varied  much. 
Thus,  when  engineers  and  inventors  at  last  turned  their  thoughts 
to  the  gas  engine,  in  order  to  obtain  advantages  from  it  that  the 
steam  engine  could  not  give,  it  was  natural  that  the  new  motor 
should  at  first  be  designed  on  lines  already  familiar  to  them. 

Hence  the  principles  of  the  steam  engine  were  adhered  to  in  the 
Ei«aoir,  the  first  working  gas  engine,  brought  out  in  1860.  In  it 
air  and  coal  gas,  in  the  proportions  of  about  8  parts  by  volume  of 
air  to  1  of  gas,  were  introduced  into  a  cylinder  alternately,  on 
both  sides  of  the  piston.  The  admission  was  cut  off,  and  the 
mixture  exploded  by  electricity,  the  explosion  caused  a  iradden 
increase  of  pressure,  the  gaseous  mixture  expanded,  driving  out 
the  piston  till  the  stroke  was  completed,  and  was  exhausted  during 
the  return  stroke.  The  same  cycle  was  repeated  on  the  other  face 
of  the  piston,  the  return  stroke  of  the  one  being  the  explosive  and 
expansive  stroke  of  the  other.  To  prevent  over-heating  the 
cylinder  was  cooled  by  water  circulating  round  it.  The  admission 
valve  chest  was  on  one  side,  the  exhaust  on  the  other,  and  each 
carried  duplicate  sets  of  ports.  The  success  of  this  engine  was  at 
first  phenomenal.  Thousands  of  small  motors  were  made  in  France 
and  England,  and  it  was  confidently  predicted  that  they  would 
drive  steam  from  the  field.  The  engine  was  handy,  easily  started, 
requii*ed  no  boiler,  and  was  said  to  work  with  great  economy ;  but 
its  defects  were  soon  apparent  Notwithstanding  the  water  jacket, 
the  cylinder  became  red-hot,  and  nearly  all  the  great  heat  developed 
by  explosion  on  both  sides  of  the  piston  was  wasted.  The  heat 
efficiency  of  the  Lenoir  engine,  or  the  proportion  of  heat  in  the  gas 
turned  into  useful  work,  was  only  4  per  cent.,  and  the  consumption 
of  gas  waa  from  94  to  112  cubic  feet  per  I.H.F.  hour.  In  spite  of 
the  great  heat  and  high  consumption  the  pressure  on  the  piston 
never  exceeded  73*5  lbs.  per  sq.  inch.  Explosion  was  often 
retarded,  the  piston  having  sometimes  moved  through  \  of  the 
stroke  before  the  charge  ignited.  Hence  the  expansive  force, 
generated  by  explosion,  bad  much  less  time  to  act,  and  the  gases 
were  discharged  at  too  high  a  pressure. 

In  the  gas  engine  brought  out  about  the  same  time  by  Wimgom, 
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a  small  jet  of  water  was  injected  into  the  cylinder  by  a  pnmp, 
during  each  return  stroke  of  the  piston.  This  diminished  the 
back  pressure,  and  reduced  the  quantity  of  water  required  to  keep 
the  cylinder  cool,  and  the  lubricating  oil.  The  explosive  mixture 
was  fired  by  two  stationary  gas  fiames,  with  which  it  was  brought 
in  contact  at  a  given  moment,  through  ports  in  a  slide  valve, 
worked  by  an  eccentnc  on  the  crank  shaft  The  engine  carried 
two  slide  valves,  one  communicating  with  the  cylinder,  the  other 
with  the  gas  reservoir,  from  whence  the  gas  was  pumped  under 
slight  pressure.  Another  pump  supplied  the  injection  water. 
The  Hugon  was  the  firat  engine  to  admit  the  charge  through  an 
ordinary  slide  valve,  a  method  which  has  now  been  superseded  by 
lift  valves.  The  motor  exhibited  some  other  improvements,  such 
as  the  Ignition  of  the  charge  by  a  flame,  and  the  consumption  of 
gas  was  rather  lower  than  in  the  Lenoir,  but  it  had  the  defect  of 
being  double-acting,  and  never  became  popular. 

AiMMphcric  Kttffiaca. — Of  these,  the  chief  were  the  curious 
Barsanti  and  Matteucci,  the  Otto  and  Langen  (brought  out  in 
1867),  and  the  Bisschop,  all  engines  forming  a  special  type.  To 
remedy  the  great  defect  of  the  Lenoir  and  Hugon — namely,  in- 
sufficient expansion  —  the  double-acting  type  was  abandoned. 
Explosion  took  place  at  the  lower  end  of  the  vertical  cylinder  and 
piston,  the  latter  was  thrown  up  violently,  without  being  connected 
to  the  crank  shaft,  and  the  expansion  of  the  gases  alone  limited 
the  stroke.  The  piston  descended  in  the  partial  vacuum  formed 
by  the  cooling  of  the  gases,  as  soon  as  their  energy  was  ex- 
hausted, and  acted  on  the  crank  only  in  its  descent,  making  the 
shaft  revolve.  In  the  Barsanti  and  Matteucci  engine  (1854),  the 
cylinder  was  open  at  the  top,  to  keep  it  cool;  gas  and  air  were 
introduced  through  a  slide  valve  at  the  bottom,  fired  by  electricity, 
and  the  explosion  forced  up  the  piston.  The  piston  rod  carried  a 
i*ack  gearing  by  means  of  a  pawl  and  rachet  into  a  wheel  on  the 
crank  shaft  during  the  descent  of  the  piston ;  the  crank  shaft  was 
wedged  solid  with  the  rack,  and  descended  with  it.  The  same 
arrangement  appears  in  the  Otto  and  Langen  engine.  Here  also 
there  was  a  long  vertical  cylinder,  with  piston  and  rod  connected 
to  the  main  shaft  by  means  of  rachet  work,  acting  only  during  the 
down  stroke.  Admission  and  explosion  of  the  charge  were  effected 
by  two  slide  valves  at  the  bottom  of  the  cylinder,  worked  by 
eccentrics  on  an  auxiliary  shaft.  The  piston  shot  up  with  great 
speed  until  it  was  brought  to  rest;  the  gases  cooled  rapidly,  gave  out 
very  little  heat  to  the  cylinder,  and  fell  at  the  end  of  expansion  to 
a  pressure  below  atmosphere.  The  down  stroke  was  produced  by 
gravity  and  the  atmospheric  pressui^,  and  the  rapid  cooling  of  the 
sralls  assisted  the  vacuum  iu  which  the  piston  descended,     The 
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rack  and  clutch  gear  was  ingenious,  and  more  prompt  in  action 
than  the  pawl  of  the  Barsanti  engine,  but  the  Otto  and  Langea 
motor  was  noisy  and  unsteady.  The  consumption  of  gas  was  from 
30  to  40  cubic  feet  per  LH.P.  hour.  In  the  Bisschop,  brought  out 
in  1870  and  still  made,  the  piston  works  in  an  upright  hollow 
column,  and  is  connected  through  a  crosshead  and  the  connecting 
rod  to  the  crank.  Explosion  takes  place  below  it,  drives  it  up, 
and  carries  the  crank  round  through  half  a  revolution.  Although 
the  piston  is  not  perfectly  free,  explosion  and  expansion  ara 
exceedingly  rapid;  the  charge  is  admitted  and  ignited  through  a 
trunk  valve  piston. 

The  great  defect  of  all  these  early  gas  engines  was  the  low 
pressure  of  the  charge  aft«r  explosion,  and  the  small  power 
generated,  as  compared  with  the  consumption  of  gas.  The  true 
principles  governing  the  cycle  of  work  in  a  gas  engine  were  finit 
laid  down  by  in.  Bcaa  4e  Rociiaa  in  1862,  who  put  forward  the 
following  conditions  as  essential  to  efficiency : — 

1.  Largest  cylinder  volume,  with  smallest  circumferential  surface. 

2.  Maximum  speed  of  piston. 

3.  Greatest  possible  expansion. 

4.  Highest  pressure  at  beginning  of  the  stroke. 

The  last  of  these  contained  the  essence  of  the  question,  the  idea 
iirst  worked  out  by  Otto,  and  which  has  since  formed  the  leading 
feature  of  every  modem  gas  engine — namely,  the  compression  of  the 
charge  of  gas  and  air  before  ignition.  By  this  method  the  highest 
pressure  is  attained  at  the  instant  of  explosion,  and  the  volume  of 
the  charge  increased  per  stroke.  The  principle  effected  a  revolu- 
tion in  the  gas  engine,  both  from  a  theoretical  and  a  pi-actical 
point  of  view,  although  fifteen  years  elapsed  before  it  was  put  in 
action.  Since  its  intix>duction,  gas  engines  may  be  divided  into 
three  classes. 

Types. — 1.  Non-compressing  engines,  in  which  the  charge  is 
admitted  at  atmospheric  pressure,  and  its  pressure  raised  by 
explosion  only. 

2.  Engines  in  which  the  charge  is  compressed  before  explosion, 
and  ignited  and  exploded  before  the  piston  has  moved  out,  or  at 
constant  volume. 

3.  Engines  in  which  the  charge  is  compressed  before  ignition^ 
enters  the  cylinder  in  a  state  of  flame,  and  drives  the  piston  out 
by  the  pressure  of  gradual  combustion.  In  this  ty(>e,  which 
theoretically  gives  the  best  heat  efficiency,  there  is  no  real  explo- 
sion, combustion  taking  place  at  constant  pressure. 

Of  these,  class  1,  represented  by  the  Lenoir  and  Hugon  engines^ 
and  class  3  are  no  longer  made.    In  type  3,  or  engines  igniting  th» 
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charge  at  constant  pressure,  the  best  example  was  the  Brayton,  an 
American  engine  introduced  in  1873,  which  was  at  first  driven 
with  coal  gas,  and  afterwards  with  petroleum.  The  Simon  (1878), 
a  modification  of  the  Brayton,  had  a  vertical  motor  cylinder  and  a 
pump,  and  the  two  piston  rods  worked  downwards  at  an  angle  of 
180*  upon  the  crank  shaft.  Gas  and  air  were  sepai-ately  admitted 
into  the  pump,  compressed,  and  sent  through  a  slide  valve,  worked 
by  an  eccentric  from  the  crank  shaft,  into  the  motor  cylinder. 
They  were  ignited  on  the  way  by  a  gas  jet  burning  in  front  of  a 
wire  gauze,  and  entered  the  cylinder  in  a  state  of  flame.  Difficulties 
were  found  with  this  engine  from  the  flame  striking  back  into  the 
pump  cylinder. 

^'••' — Up  to  this  period  the  engines  were  more  or  less  experi- 
mental, and  none  of  them  exhibited  the  piinciples  governing  the 
construction  of  modem  gas  motors.  These  were  first  embodied  in 
the  Otto  engine,  patented  1876,  in  which  the  compression  of  the 
gas  and  air  before  ignition  was  for  the  first  time  successfully 
carried  out.  By  a  master  stroke  of  genius.  Otto  proposed  to 
utilise  the  motor  cylinder  itself  for  the  compression  of  the  charge. 
The  Otto  cycle  consists  of  four  strokes  of  equal  length  during  two 
revolutions  of  the  crank,  of  which  one  only  is  a  motor  stroke, 
giving  an  explosion  at  every  other  revolution.  For  powers  below 
20  or  30  H.JP.  only  one  cylinder  is  used,  open  at  the  crank  end,  in 
which  the  operations  of  (1)  admission,  (2)  compression  of  the  gas 
and  air,  (3)  ignition,  explosion,  and  expansion  of  the  charge  (actual 
useful  work),  and  (4)  discharge  of  the  exhaust  gases  are  carried 
out  All  these  take  place  on  the  same  side  of  the  piston,  at  the 
end  of  the  cylinder  furthest  from  the  crank,  during  two  revolutions. 
A  uniform  speed  of  rotation  is  maintained,  aided  by  a  heavy  fly- 
wheel. The  cylinder  is  kept  cool  by  means  of  a  circulating  current 
of  water  in  the  jacket  As  originally  made,  the  engine  had  one 
horizontal  slide  valve  at  the  back  of  the  cylinder,  worked  by  a 
valve  shaft  driven  by  wheels  2  to  1  from  the  crank  shaft.  By 
means  of  holes,  ports,  and  grooves  connected  to  the  cylinder,  to  the 
gas  supply  pipe,  the  outer  air,  and  the  slide  cover,  it  received  and 
mixed  the  charge  of  gHS  and  air,  conveyed  it  to  the  cylinder, 
kindled  a  portion  of  the  compressed  mixture  by  a  stationary  light 
burning  in  the  slide,  and  fired  the  charge.  The  exhaust  products 
were  discharged  through  a  valve  on  the  opposite  side  to  the  valve 
shaft,  and  worked  from  it  by  levers  and  a  cam.  Although 
ingeniously  constructed,  the  slide  valve  was  too  delicate  and 
complicated  to  work  well,  and  required  constant  repair.  The 
ignited  charge  carried  to  and  fro  caused  difficulty  and  choking  of 
the  ports,  while  the  elaborate  arrangements  for  mixing  and  strati- 
lying  the  charge  were  found  to  be  unnecessary  and  useless,  because 
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the  action  of  the  piston  during  the  oompression  stroke  churned  up 
the  gaseous  mixture,  and  rendered  it  practically  honiogeneoua. 
The  engine  was  lubricated  from  an  oil  cup,  and  oil  supplied  in 
proportion  to  the  speed. 

Fig.  A  gives  a  side  elevation  of  an  Otto  engine  of  the  original 
type.  A  is  the  motor  cylinder,  p  the  piston,  p^  the  crosshead, 
C  the  connecting  rod,  K  the  ci*ank  shaft.  B  is  the  valve  shaft, 
F  the  larger  of  the  two  bevel  wheels,  L  the  gas  valve ;  G  is  the 
governor  driven  from  the  valve  shaft,  and  acting  on  the  gaa  valve 
by  the  levers  and  tappets,  o,  p,  9,  and  u;  tis  the  cam  on  the  valve 
shaft  opening  the  exhaust  on  the  opposite  side  of  the  cylinder. 
D  is  the  lubricating  arrangement.  With  the  exception  of  the 
slide  valve,  this  design  has  been  generally  retained,  and  nearly 
all  modem  motors,  both  gas  and  oil,  use  the  4-cycle.  The  above 
shows  the  usual  arrangement  of  the  cylinder,  crank,  connecting 
rod  and  valve  shaft  in  a  single  cylinder  engine. 

Three  methods  of  ignition  have  been  employed  at  different 
times.  Lenoir  fired  the  charge  by  electricity,  and  this  system 
is  still  i*etained  in  the  Simplex  and  other  modem  foreign  gas 
engines,  and  also  in  the  Priestman,  Clarke  Chapman,  and  a  few 
other  oil  motors.  The  next  kind  of  ignition  was  by  external 
flame,  either  stationary  or  carried  in  a  slide  valve.  It  was  used 
in  the  atmospheric  gas  engines,  where,  the  charge  not  being 
previously  compi*essed,  the  light  was  not  liable  to  be  blown  out, 
and  also  in  the  original  Otto  (as  described),  and  the  Clerk.  It  has 
now  been  superseded  in  nearly  all  modern  engines,  oil  or  gas,  by 
hot-tube  igtiition,  except  when  the  charge  is  ignited  only  by  the 
heat  of  the  compression  stroke.  The  tube  of  metal  or  porcelain 
is  often  connected  to  the  cylinder  by  a  timing  valve,  and  uncovei^d 
at  the  end  of  the  compression  stroke.  It  is  kept  at  a  red  heat  by 
a  gas  jet,  a  portion  of  the  charge  already  heated  by  the  compression 
of  the  piston  rushes  up  the  tube  as  soon  as  the  valve  opens,  and 
shooting  back  as  flame  into  the  cylinder  ignites  the  remainder. 
Slide  valves  have  now  been  superseded,  and  the  gas  admitted,  the 
products  discharged,  and  the  hot  tube  uncovered  by  ordinaiy  lift 
valves.  Air  is  admitted  either  through  an  open  tube  or  automatic 
valve. 

One  of  the  disadvantages  of  the  Otto  type  of  gas  engine  is  that 
it  has  only  one  motor  stroke  in  four.  Attempts  have  been  made 
in  various  ways  to  remedy  this  defect,  usually  by  means  of  a  pump 
as  well  as  a  motor  cylinder.  Qas  and  air  were  first  drawn  into 
the  pump  and  comj^ressed,  then  delivered  into  the  motor  cylinder, 
where  the  cycle  was  comjileted.  The  pumj)  and  motor  piston  rods 
both  worked  upon  the  same  crank  shaft.  Greater  regularity  and 
more  power  were  thus  obtained,  but  two  cylindei-s  instead  of  one 
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gas  a  blast  of  air  was  admitted,  usually  in  a  contrary  direction. 
The  system  now  adopted  is  to  introduce  the  two  simultaneously. 
In  the  DewMH  gas  producer,  a  jet  of  superheated  steam  from  a 
small  boiler  plays  upon  the  glowing  fuel  with  which  the  cylindrical 
generator  is  filled,  at  a  pressure  of  from  30  to  50  lbs.  per  square 
inch.  The  velocity  of  the  steam  draws  in  a  current  of  air  with  it; 
the  two  are  forced  upwards  through  the  fuel  and  decomposed  by 
the  heat  of  combustion,  and  the  gases  given  off  at  the  top  are  led 
away,  washed  and  cooled  before  being  stored  in  a  holder.  Only 
anthracite  or  coke  can  be  used;  the  gas  is  one-fourth  as  rich  as 
lighting  gas,  and  when  employed  in  a  gas  engine  cylinder  it 
requires  to  be  diluted  with  air  in  the  proportion  of  only  1  to  IJ 
parts,  instead  of  8  to  14  parts  by  volume,  as  with  lighting  gas. 
The  economy  of  a  gas  engine  driven  with  power  gas  direct  from  a 
generator  should  be  estimated,  not  in  cubic  feet  of  gas,  but  in  lbs. 
of  fuel  burnt  in  the  producer  and  in  the  small  boileh  In  a  trial 
of  Dowsou  gas  made  at  Chelsea  in  1892,  the  consumption  of  good 
Welsh  anthracite  was  076  lb.  per  I.H.P.  hour.  The  usual  con- 
sumption with  a  good  generator  is  about  1  lb.  per  B.H.P.  hour,  a 
great  economy  if  compared  with  a  steam  boiler  and  engine.  The 
actual  cost  in  money  depends  upon  the  price  of  fuel  in  any  given 
locality. 

The  VjcncaachcB  generator  has  been  designed  for  use  with  poor 
coal,  especially  French,  anthracite  being  often  difficult  to  procure, 
except  in  England  and  America.  It  has  no  boiler,  but  requires  a 
fan  for  the  air  blast,  which  is  usually  driven  from  the  engine ;  the 
gas  produced  is  not  so  pure  as  the  Dowson.  Water  is  admitted 
near  the  bottom  of  the  generator,  falls  on  to  the  grate,  and  is 
instantly  converted  into  steam  by  the  heat  of  combustion.  The 
heating  value  of  the  gas  varies  according  to  the  quality  of  coal 
used.  This  generator  has  hitherto  been  worked  in  conjunction 
with  a  Simplex  engina  Its  chief  advantage  is  the  economy  of 
heat,  the  heat  efficiency  in  the  generator  being  about  75  per  cent 
of  the  total  heat  in  the  fuel,  or  even  more,  according  to  some 
authorities.  Other  producers  supplying  gas  to  a  motor,  in  the 
same  way  as  steam  is  fed  by  a  boiler  to  a  steam  engine,  are  the 
Tangye  and  the  Taylor.  The  Bonier  is  a  special  type,  in  which  the 
generator  and  engine  are  permanently  connected  and  worked 
together,  instead  of  the  gas  being  separately  produced  and  stored. 
There  is  no  holder;  the  gas  is  generated  by  the  suction  of  the 
motor  piston  per  stroke  as  required,  and  delivered  to  the  engine  at 
a  pressure  below  atmosphere.  The  process  is  assisted  by  a  pump 
attached  to  the  motor  cylinder,  and  worked  from  the  crank.  A. 
stream  of  water  is  carried  over  the  bars  of  the  generator  furnace, 
evaporated  by  the  heat,  and  the  steam,  together  with  a  current  of 
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air,  is  drawn  through  the  coal  at  each  stroke  of  the  motor  piston, 
and  the  gas  thus  formed  superheated.  The  engine  is  of  the  2-cycIe 
type,  with  motor  cylinder  and  pump;  the  latter  is  necessitated  by 
the  low  pressure  of  the  gas.  The  consumption  of  fuel  in  this 
gasogene  engine  is  about  l|  lbs.  per  B.H.P.  hour. 

Theorr  •f  the  Oas  JBagine. — Theoretically  a  gas  motor  does  not 
differ  much  from  a  steam  engine.  The  same  laws  of  thermo- 
dynamics apply  to  both  (see  Chap,  iii.,  p.  299),  because  the  gaseous 
mixture  in  the  cylinder  is,  like  steam,  almost  a  perfect  gas.  There 
is  no  latent  heat  of  evaporation  to  be  allowed  for,  but  since  the 
pressure  on  the  piston  is  generated  by  explosion,  account  must 
always  be  taken,  in  tracing  the  pressure  diagrams,  of  the  specific 
heat  at  constant  volume — It  v— and  that  at  constant  pi-essure  It  p. 
The  ratio  between  the  two  is  about  1*4,  or  practically  the  same  as 
for  pure  air.  The  adiabatic  expansion  curves  in  a  gas  engine  ai*e 
calculated  from  the  formula — 


As  the  theoretical  heat  efficiency  of  an  engine  depends  upon  the 
range  of  temperature,  or  the  difference  between  the  highest 
temperature  (of  explosion)  and  the  lowest  (exhaust),  and  this  range 
is  much  higher  in  a  gas  than  in  a  steam  engine,  owing  to  the  great 
heat  developed  by  explosion,  the  heat  efficiency  of  a  gas  motor 
ought  to  be  and  is  higher.  A  good  gas  engine  converts  from  20 
to  25  per  cent,  of  the  total  heat  supplied  to  it  into  work,  but  the 
waste  of  heat  is  nevertheless  very  great.  Notwithstanding  the 
gi'eat  improvements  in  their  construction  and  cycle,  even  the  best 
motors  only  utilise  at  present  half  as  much  heat  as  they  should  do 
theoretically.  As  compared  with  steam  engines  their  efficiency  is 
about  double,  or  more  than  double  if  the  gas  be  supplied  by  a  good 
producer,  and  generated  as  required,  without  the  inevitable  waste 
of  heat  due  to  storing.  The  following  table  from  Professor 
Capper's  trial  of  a  7  H.P.  Otto  engine,  in  1892,  gives  the  heat 
balance  of  a  modern  engine  driven  with  lighting  gas,  and  may  be 
taken  as  a  fair  average  of  a  good  motor  : — 

Heat  turned  into  work,      .  .     22-32  per  cent. 

„    rejected  in  the  jacket  water,       32  96         „ 
„         „  „      exhaust,  .     43- 29         „ 

„    earned  off  by   conduction, 

i*adiation,  <&:c.,        .  .1*43         „ 


100 


More  than  three-fourths  of  the  heat  supplied  is  thus  wasted,  and 
it  does  not  seem  possible  at  present  to  reduce  this  loss  much.     In 
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the  Atkinson  engine,  where  the  heat  lost  to  the  jacket  was 
diminished  by  the  prolonged  expansion,  and  the  gases  were 
discharged  at  a  low  pressure,  the  heat  lost  at  exhaust  was  pro- 
portionally increased.  In  the  Society  of  Arts'  trial  (1888)  the 
heat  balance  of  the  Atkinson  engine 
Heat  converted  into  work, 

„     lost  to  the  jacket, 

„       „       „       exhaust, 

„     unaccounted  for. 

Total,         .  100  „ 

Many  of  the  phenomena  developed  by  the  explosive  action  of 
gases  in  an  engine  cylinder  are  still  imperfectly  known.  As  the 
gaseous  mixture  is  not  so  homogeneous  as  steam,  but  consists  of 
different  chemical  constituents  mixed  with  pure  air,  it  was  at  first 
thought  possible  to  stratify  the  charge  as  it  entered  the  cylinder, 
but  later  experience  has  shown  this  view  to  be  incorrect.  The 
influence  of  the  speed  of  the  motor  piston,  and  the  effects  of 
retaining  the  products  from  the  former  charge,  are  points  not  yet 
fully  determined.  The  value  of  increased  comprtssion  has  been 
mentioned.  There  is,  of  course,  a  limit,  not  yet  defined,  to  the 
advantage  thus  gained,  but  so  far  the  efficiency  of  a  gas  engine 
appears  to  increase  about  in  pro|K)rtion  to  the  degree  of  compression 
of  the  gases.  In  other  words,  the  greater  the  compression  the 
greater  generally  is  the  efficiency.  The  action  of  the  cylinder 
walls  is  as  important  in  gas  as  it  is  in  steam  engines.  The  new 
entropy  diagrams,  when  applied  to  the  action  of  explosive  gases^ 
may  do  much  to  elucidate  this  abstruse  subject.  Scientific  men  ara 
not  yet  agreed  upon  the  reason  why  the  pressure  in  a  gas  engine 
cylinder  does  not  fall  adiabatically  during  expansion.  Allowance 
being  made  for  radiation  losses,  there  seems  no  doubt  that  heat  is 
evolved  in  some  way  after  explosion  has  taken  place,  and  the  max- 
imum pressure  has  been  attained.  This  suppression  of  beat  and 
its  evolution  during  the  stroke  have  been  attributed  : — 

1.  To  rapid  cooling  of  the  gases  by  the  walls  of  the  cylinder ; 

2.  To  dissociation; 

3.  To  increase  of  specific  heat  in  gases  at  a  high  temperature ; 
but  none  of  these  theories  completely  explain  the  phenomenon. 
Up  to  1896  there  were  about  23,000  gas  engines  of  all  powers 
working  in  Great  Britain. 

Oil  Engines. 

The  working  method  in  oil  engines  is  generally  the  same 
as  in  gas  motors,  and   nearly  all  are  single-acting  and  4-cycle, 
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with  one  impulse  every  two  i-evolutions,  and  one  motor  stroke 
in  four.  Their  mechanical  efficiency  is  usually  higher,  because 
of  the  better  lubrication  afforded  by  the  oil  vapour,  as  com- 
pared with  a  dry  mixture  of  gas  and  air.  The  distinguishing 
feature  of  these  engines  is  their  method  of  converting  the  oil 
supplied  to  them  into  an  explosive  charge  by  vaporisation.  In 
this  respect  they  all  vary,  no  two  engines  by  different  makers 
treating  the  oil  in  exactly  the  same  way.  The  earliest  oil  engines, 
the  Hock  (1870)  and  Spiel  (1883),  used  light  inflammable  petro- 
leum spirit,  easily  vaporised  by  passing  a  current  of  air  through 
oil  kept  at  a  high  temperature.  The  Hock  was  a  2-cycle  engine, 
all  the  operations  being  carried  out  in  one  cylinder  during  one  com- 
plete stroke,  forward  and  return.  The  Brayton,  brought  out  in 
America  about  1873,  had  a  motor  cylinder  and  pump,  and  gave  a 
working  sti-oke  every  revolution.  This  was  the  first  engine  to 
utilise  ordinary  heavy  petroleum,  which  was  vaporised  in  a  carbur- 
ator  above  the  cylinder.  To  drive  a  motor  with  heavy  oil,  instead 
of  the  light  and  inflammable  petroleum  vapour  hitherto  employed, 
was  a  distinct  step  in  advance.  The  engine  also  embodied  the 
principle  of  combustion  at  constant  pressure,  but  it  was  too  com- 
plicated to  succeed. 

The  great  problem  in  all  oil  engines  is  the  efficient  vaporisation  of 
the  oil,  because  it  varies  so  greatly  in  its  chemical  constituents  and 
their  proportions,  and  in  density.  The  task  of  preparing  the  charge 
for  combustion  takes  place  in  the  engine,  instead  of  being  previously 
carried  out  in  a  gas  retort  or  generator.  Petroleum  consists  of  hydro- 
carbons of  different  densities,  each  evaporating  at  a  different  tempera- 
ture. If,  as  is  usually  the  case  abroad,  the  engine  be  constructed  to 
work  with  the  lighter  hydrocarbons — petroleum  spirit  or  gasolene — 
it  is  comparatively  easy  to  treat  the  oil  for  the  charge.  A  current  of 
air,  either  sent  by  a  pump,  or  drawn  in  by  the  suction  of  the  motor 
piston,  is  passed  through  the  liquid  oil,  which  is  often  kept  in  motion, 
to  allow  the  air  to  pass  freely  through  it.  The  air  becomes  saturated 
with  the  oil  vapour,  and  readily  ignites  on  entering  the  cylinder. 
If  this  process  be  carried  out  with  ordinary  petroleum,  a  heavy  and 
useless  residuum  is  left,  after  the  lighter  hydrocarbons  have  been 
withdrawn.  The  usual  practice  abroad  is  to  use  only  light  recti- 
fied petroleum,  the  sale  of  which  is  restricted  in  England.  Foreign 
makers  are  of  opinion  that  they  thus  obtain  greater  power  and 
cleaner  working,  owing  to  the  purity  of  the  charge,  and  they  con- 
sider it  an  advantage  to  have  the  oil  already  partly  prepared  for 
combustion,  instead  of  being  obliged  to  break  it  up  and  vaporise  it 
in  the  engine  itself.  In  England  such  engines  have  never  found 
favour,  and  the  motors  now-  used  here  may  be  classified  as 
follows : — 
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Tjpem, — 1.  Engines  in  which  the  oil  is  broken  up  into  spray 
by  a  blast  of  air  before  entering  the  motor  cylinder. 

2.  Engines  in  which  the  oil  is  injected  or  dropped  in  a  liqnid 
state  into  the  cylinder,  or  a  prolongation  of  it,  and  converted  into 
vapour  by  the  heat  of  explosion  or  of  a  flame. 

3.  Engines  in  which  the  oil  is  admitted  in  a  liquid  state  into  a 
chamber  contiguous  to  the  cylinder,  and  there  vaporised  as  in  class  2. 

There  are  also  three  methods  of  ignition — (1)  By  hot  tube; 
(2)  by  electricity ;  (3)  by  what  is  known  as  spontaneous  ignition,  or 
firing  the  charge  bj  the  heat  of  the  cylinder,  increased  by  com- 
pression at  the  end  of  the  stroke. 

In  the  construction  of  the  cylinder,  action  of  the  piston  on  the 
crank,  water  jacket,  valve  gear,  &c.,  oil  engines  are  similar  to 
gas  engines,  and  use  the  4-cycle.  Electric  ignition  is  often  era« 
ployed,  and  is  considered  safer  than  the  hot  tube,  because  of  the 
inflammable  nature  of  the  oil  vapour  genei*ated.  To  fire  the 
charge  by  the  heat  of  compression  and  explosion  only  is  the  safest 
method,  but  it  is  not  always  reliable,  and  a  lamp  or  flame  is 
necessary  to  keep  the  vaporiser  hot. 

The  first  practical  motor  in  England  working  with  heavy  petro- 
leum was  the  Priestmna,  brought  out  in  1888.  It  is  of  the  usual 
horizontal  single-acting  single-cylinder  type,  with  water  jacket  and 
lift  valves  worked  by  an  auxiliary  shaft  at  half  speed  from  the 
main  shaft.  There  is  a  small  battery  to  generate  the  electricity  for 
firing  the  charge,  and  an  air  pump  worked  from  an  eccentric  on  the 
valve  shaft.  The  oil  is  contained  in  a  reservoir  below  the  crank, 
and  maintained  by  the  air  pump  at  a  pressure  of  about  one  atuio- 
sphere.  Two  streams  of  air  and  oil  are  forced  from  the  tank  into 
the  spray  maker,  where  they  pass  through  two  concentric  nozzles, 
the  oil  being  injected  through  the  inner,  and  the  air  through  the 
outer  into  the  vaporiser.  The  exhaust  gases,  before  discharging  to 
the  atmosphere,  circulate  round  the  vaporiser,  and  keep  it  hot 
The  oil  already  sprayed  and  broken  up  by  the  air  blast  is  here 
converted  into  vapour  by  the  heat,  and  sprayed  by  a  second  current 
of  air,  the  charge  then  passes  to  the  motor  cylinder,  and  is  ignited, 
exploded,  and  expanded  in  the  usual  way.  The  governor  acts 
upon  the  admission  of  air  and  oil  through  the  spray  maker  to  the 
vaporiser,  and  also  reduces  the  quantity  of  air  admitted  to  dilute 
the  charge,  if  the  normal  speed  is  exceeded.  The  governing  of  oil 
engines  requires  much  care.  A  va))ori8er  to  convert  the  oil  into 
vapour  is  always  necessary,  and  must  be  kept  at  a  high  tempera- 
ture. If  the  heat  required  is  supplied  by  the  exhaust  gases,  to 
check  the  supply  of  oil  by  the  governor  and  cut  out  explosions, 
reduces  the  temperature  of  the  vaporiser  below  that  at  which  it  will 
vaporise  the  oil,  and  diminishes  the  heat  of  the  engine.     Uuburat 


GAS,    OIL,    AND   AIR    ENGINES.  625 

oil  passes  wastefully  through  the  cylinder,  and  chokes  the  valves 
and  ports.  It  is  advisable,  therefore,  to  reduce  the  strength  of  the 
charge  rather  than  the  number  of  explosions,  and  this  is  the  method 
adopted  in  most  modem  engines. 

In  later  oil  motors  the  method  of  vaporising  the  oil  is  not  so 
elaborate,  and  a  spray  maker  has  been  generally  discarded.  In  the 
HernsbV-AkroTd,  brought  out  in  1892,  the  oil  is  not  vaporised  until 
it  is  actually  injected  into  the  combustion  chamber,  where  ignition 
takes  place,  produced  by  the  compression  stroke  of  the  piston.  The 
motor  cylinder  and  piston  are  shown  in  sectional  elevation  in  Fig.  0. 
B  is  the  compression  space,  0  the  combustion  chamber  beyond  it, 
into  neither  of  which  does  the  piston  enter.  F  is  the  fan  worked 
by  hand,  and  supplying  air  at  starting  to  the  lamp  L.  O  is  the  oil 
pump,  G  the  governor.  The  cylinder  is  kept  cool  by  a  circulating 
water  jacket ;  the  combustion  chamber  has  an  air  jacket  round  it 
to  prevent  loss  of  heat  by  radiation,  and  maintain  it  at  a  proper 
temperature  for  vaporising  and  igniting  the  oiL  c  and  d  are  the 
valves  for  admission  of  air  and  exhaust,  worked  by  cams  and  levers 
from  a  valve  shaft  geai-ed  2  to  1  to  the  crank  shaft.  The  engine 
draws  air  only,  previously  heated,  into  the  cylinder  at  the  admission 
stroke.  The  return  stroke  compresses  it  into  the  red  hot  combus- 
tion chamber,  where  a  few  drops  of  oil  are  injected  into  it  through 
a  nozzle  by  the  little  oil  pump,  worked  from  the  same  lever  as  the 
exhaust.  The  heat  of  the  chamber  and  the  high  pressure  of  the 
air  are  said  instantly  to  vaporise  the  oil,  and  the  charge  explodes 
at  the  inner  dead  point  The  quantity  of  oil  sent  into  the  combus- 
tion chamber  to  form  the  charge  is  regulated  by  the  stroke  of  the 
pump,  acted  on  by  the  governor.  The  consumption  of  oil  in  a  10 
brake  H.P.  engine  was  097  lb.  per  B.H.P.  hour. 

In  the  Troflir  engine  the  method  of  vaporisation  is  equally 
simple,  though  somewhat  different.  Liquid  oil  is  drawn  from  a 
tank  by  a  small  horizontal  pump  at  the  back  of  the  engine,  and 
sent  drop  by  drop  into  the  vaporiser,  a  kind  of  jacket  round  the 
combustion  chamber,  at  the  compression  end  of  the  cylinder.  The 
heat  of  the  ^plosions  maintains  the  inner  wall  of  this  jacket  at  a 
red  heat,  the  oil  is  instantly  vaporised  by  contact,  and  passes  into 
the  combustion  chamber,  where  it  is  met  by  a  current  of  air  drawn 
in  through  an  automatic  valve  by  the  stroke  of  the  piston.  The 
next  stroke  drives  the  compressed  mixture  into  the  ignition  tube, 
and  it  is  exploded  and  expanded  in  the  ordinary  way.  Other 
English  oil  engines  are  the  Roots,  Griffin,  Crossley-Otto,  Fielding, 
Bobey,  Premier,  Tangye,  Clark- Chapman,  Campbell,  &o.  In  all  a 
slightly  different  method  of  vaporising  the  oil  is  adopted,  but  the 
principle  is  the  same.  The  Griffin  is  the  only  motor,  except  the 
Priestman,  in  which  the  oil  is  sprayed  by  an  air  blast  from  a 


626 


OAS,  OIL,   AND  AIR   KNOIMBS. 


QAS,    OIL,    AND   AIR   ENGINES.-  627 

pump.  The  consumption  of  ordinary  heavy  petroleum  of  0  80 
specific  gravity  is  about  1  lb.  per  B.H.P.  hour.  In  the  Orossley- 
Otto,  during  the  Cambridge  trials,  it  was  0'82  lb.  A  special  feature 
in  oil  engines  is  the  lamp,  to  which  oil  is  usually  supplied  under 
pressure  from  an  air  pump.  The  heat  for  vaporising  the  oil  is 
furnished  by  the  lamp  itself,  and  a  wick  is  seldom  used.  The  oil 
blast  is  delivered  into  the  lamp,  converted  into  a  vapour  (as  it 
enters)  by  its  own  pressure  and  the  heat  of  the  lamp,  and  burns 
with  a  clear  flame  at  the  mouth  of  the  pipe  from  whence  it  issues. 

Fereign  Oil  Bngine^ — Oil  motors  on  the  Ooutinent  are,  perhaps, 
even  more  numerous  than  in  England.  In  France,  the  makers  of 
the  Simplex,  the  Niel,  and  the  Lenoir  have  each  brought  out  an 
oil  engine,  and  there  are  many  others,  chiefly  for  small  powers,  and 
portable  and  agricultural  purposes.  One  of  the  newest  and  best 
is  the  Merlin.  All  these  engines,  except  the  Niel,  work  with  light 
petroleum,  and  in  some  the  carburator  ia  of  the  simplest  description. 
Difficulties  are  sometimes  experienced  with  carburetted  air,  because 
although  easily  charged  with  light  hydrocarbons,  it  becomes 
decarburetted  with  equal  facility. 

In  Germany  the  construction  of  oil  engines  has  made  great  pro- 
gress within  the  last  few  years,  and  nearly  30  different  types  have 
been  introduced.  The  best  known  are  the  Daimler,  using  light 
petroleum  of  0'68  to  0*70  specific  gravity;  and  the  Capitaine,  work- 
ing with  heavy  petroleum.  Next  to  the  Otto  the  Daimler  is, 
perhaps,  more  popular  than  any  other  motor.  It  is  a  two-cylinder 
vertical  engine,  very  light  for  the  power  developed,  and  runs  at 
irom  450  to  700  revolutions  per  minute.  Originally  made  to  work 
with  lighting  gas,  it  is  now  chiefly  used  with  oil.  The  two 
water-jacketed  cylinders  have  pistons  working  downward  on  the 
same  shaft  To  vaporise  the  oil  each  cylinder  carries  a  lamp 
containing  a  small  platinum  rod  kept  at  a  white  heat,  which  fires 
the  charge  automatically  (without  a  timing  valve),  at  the  end  of 
the  compression  stroke.  This  arrangement  is  necessitated  by  the 
speed  of  the  engine,  which  is  so  high  that  no  timing  valve  can  be 
relied  on  to  act  with  sufficient  promptness.  The  oil  is  conveyed 
to  a  reservoir,  and  maintained  at  a  constant  level  by  a  funnel- 
shaped  float.  Hot  air  is  admitted  by  the  suction  stroke  of  the 
piston,  passes  through  the  cylindrical  upper  part  of  the  reservoir, 
which  is  fitted  with  wire  gauze  and  acts  as  a  regenerator,  and 
down  through  the  oiL  As  it  is  drawn  upwards  it  carries  off  with 
it  to  the  vaporiser,  at  each  stroke,  a  certain  quantity  of  oil,  which 
impinges  against  metal  plates  to  break  it  up.  The  level  of  oil 
through  which  the  air  pauses  being  always  the  same,  and  the  force 
of  the  air  blast  regulated  by  the  vacuum  in  the  cylinder,  the 
oomixmtion  of  the  charge  is  said  to  be  uniform.     After  passing 
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through  the  outer  jacket  of  the  regenerator,  the  air  and  oil  vapour 
are  mixed  with  a  further  quantity  of  air  to  make  them  inflammable. 
In  this  and  other  engines  igniting  the  charge  by  the  heat  of 
compression  only,  care  is  necessary  to  regulate  the  quantity  of  air, 
so  that  at  first  the  mixtui*e  may  contain  too  little  to  ignite; 
otherwise,  as  the  red  hot  vaporiser  is  always  open  to  the  cylinder, 
premature  explosions  might  occur. 

This  principle  is  also  carefully  kept  in  view  in  the  C»Hi«i«e 
engine.  Here  all  the  air  is  admitted  at  once  through  an  automatic 
valve  at  the  top  of  the  vei*tical  cylinder,  specially  shaped  to  secure 
stratification  of  the  charge.  A  projection  in  the  neck  of  the 
admission  passage  divides  the  air  current  Fart  passes  into  the 
cylinder,  and  is  compressed  by  the  next  upstroke  of  the  piston. 
Part  is  diverted  into  the  vaporiser,  a  small  U-shaped  iron  tube  at 
the  side,  maintained  at  a  red  heat  by  an  external  lamp,  and  always 
open  to  the  cylinder.  Here  a  minute  quantity  of  petroleum  is 
injected  by  a  small  oil  pump,  into  the  current  of  hot  air,  vaporieied 
by  the  heat,  broken  up  by  the  force  of  the  blast,  and  carried 
through  into  the  cylinder.  The  oil  vapour  and  air  mix,  and  are 
compressed  with  the  air  already  in  the  cylinder,  driven  back  by 
the  compression  stroke  into  the  open  tube  of  the  vaporiser,  and 
the  charge  is  fired.  The  diameter  of  the  cylinder  in  the  Oapitaine 
engine  is  larger,  and  the  stroke  shorter  than  usual.  The  admission 
port  is  large,  the  air  enters  at  great  pressure,  the  speed  of  revolution 
is  high,  and  the  charge  is  said  to  be  more  rapidly  expanded  than 
in  other  engines.  Much  attention  is  paid  to  stratification,  and  the 
inventor  considers  that  the  pure  air  first  admitted  not  only  scavenges 
the  cylinder  of  the  products  of  former  combustion,  but  acts  as  a 
non-inflammable  cushion,  and  prevents  premature  explosions 
Nearly  all  the  German  makers  have  brought  out  oil  engines, 
generally  similar  to  their  gas  motors,  with  the  addition  of  a 
vaporiser.  In  most  of  them,  the  latter  is  separated  from  the 
cylinder,  and  is  heated  by  a  small  lamp ;  the  heat  of  the  exhaust 
gases  is  also  sometimes  utilised  to  keep  it  hot,  or  to  warm  the 
incoming  air.  There  is  usually  an  oil,  but  seldom  an  air-pump. 
In  some,  as  in  the  Deutz-Otto,  the  oil  used  is  so  light  that  no 
vaporiser  is  required,  the  air  being  carburetted  by  simply  passing 
it  through  the  liquid  petroleum,  the  level  of  which  is  kept  constant 
by  a  float.  The  air  admission  valve  is  usually  automatic;  the 
suction  of  the  motor  piston  induces  the  current,  and  the  partial 
vacuum  in  the  cylinder  regulates  the  supply.  In  the  best  engines, 
as  the  Altmann,  Langensiepen,  Seek,  Koerting,  (fee,  the  consump- 
tion is  less  than  1  lb.  oil  per  B.H.P.  hour.  Oil  engines  are  rarely 
made  for  powers  above  12  H.P. 

AppiuuUmum  mi  Om  ••«  Oil  BagteM. — ^A  great  impulse  has  lately 
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been  given  to  the  production  of  internal  combastioD  motoi'S  by 
their  application  to  various  purposes,  in  which  they  have  either 
fiuperseded  steam,  or  been  adapted  to  a  new  use.  For  marine 
work,  as  in  launches  and  barges,  on  rivers  and  lakes,  they  are 
much  employed.  The  Capitaine  and  Daimler  in  Germany,  the 
Forest  and  Lenoir  in  France,  and  the  Priestman,  Trusty,  and 
Boots  in  England,  have  been  thus  applied,  and  the  Simplex,  to 
drive  a  boat  by  gas,  compressed  to  100  atmospheres.  At  present, 
however,  they  cannot  be  made  for  large  powers,  and,  therefore,  do 
not  compete  with  marine  engines,  and  it  is  very  difficult  to  reverse 
the  action  of  the  engine.  One  of  the  most  important  applications 
of  gas  engines  is  for  electric  lighting.  To  compete  with  electricity^ 
the  gas  companies  have  in  many  towns  utilised  the  gas  in  their 
mains  to  drive  small  dynamos,  with  good  and  economical  results. 
One  of  the  largest  plants  of  this  kind  is  at  Belfast,  where  six  Griffin 
engines,  the  larger  indicating  up  to  120  H.P.,  consume  18*2  cubic 
feet  of  lighting  gas  per  LH.P  hour.  At  Rheims,  electricity  for 
lighting  the  town  is  provided  by  five  Niel  gas  engines.  There  are 
a  large  number  of  smaller  gas  motors  driving  dynamos,  and  many 
firms  make  a  speciality  of  them.  Another  important  use  of  gas 
engines  is  for  pumping  in  water  works.  At  BlJe,  in  Switzerland, 
a  210  B.H.P.  Otto  engine,  driven  by  power  gas  from  a  generator, 
supplies  motive  power  to  work  the  town  pumps.  The  relative 
consumption  of  the  different  fiiels  has  been  estimated  as  follows  : — 

1  lb.  of  gas  coke,  or  about  |  lb.  oil,  will  raise  from  4,750  to 
7,000  lbs.  of  water  to  a  height  of  about  130  ft. ;  and  1  cubic  foot 
of  lighting  gas  will  raise  from  300  to  550  lbs.  to  the  same  height. 

Gas  and  oil  engines  have  also  been  used  for  driving  tramways 
during  the  last  few  years,  at  about  half  the  cost  of  electricity. 
The  engines  propelling  the  cara  run  always  in  the  same  direction, 
but  their  action  upon  the  driving  shafb  can  be  varied  at  will.  They 
are  connected  to  the  carriages  by  friction  coupling,  two  or  three 
sets  of  shafts  or  cog  wheels  are  used,  and  the  speed  and  direction 
of  the  cars  are  regulated  by  throwing  one  or  other  set  in  or  out  of 
gear. 

The  application  of  oil  motors  to  stationary  and  portable  agricul- 
tural engines  has  already  made  some  progress,  and  appears  likely 
to  be  much  extended  in  the  future.  Trials  of  these  motors  have 
taken  place  in  Bngland,  France,  and  Germany.  For  small  powers 
oil  engines  have  many  advantages  :  they  are  light  and  poi*table,  no 
boiler  is  required,  and  the  quantity  of  fuel  and  water  needed  is 
small.  On  the  other  hand  they  are  rather  delicate,  must  be  care- 
fully handled,  and  the  light  for  firing  the  charge  is  occasionally 
blown  out  There  is  also  much  vibration,  but  these  defects  will  be 
remedied  in  time.     These  motors  have  suddenly  become  of  import- 
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ance  for  propelling  carriages  on  roads,  but  much  remains  to  be 
done  before  they  can  be  considered  saccessful.  At  present  the 
Daimler  engine  is  chiefly  employed  to  drive  carriages,  bat  the  Benz 
has  also  been  used  in  France,  and  the  Roots  and  Trosty  in  En^nd. 
The  heat  efficiency  of  oil  engines  is  lower  than  that  of  gas  engines, 
owing  pi*obably  to  the  lower  pressure  of  compression.  Oil  vapour 
being  more  inflammable  than  a  mixture  of  gas  and  air,  very  high 
pressures,  such  as  are  usual  in  gas  engines,  have  a  tendency  to 
produce  premature  explosions.  The  great  difficulty  is  to  gasify 
the  oil  properly,  and  this  result,  according  to  the  best  authorities, 
has  not  yet  been  attained.  The  heating  value  of  Russian  oi 
American  petroleum  is  about  18,000  to  20,000  B.T.U.  per  lb. 


Air  Engines. 

All  modern  air  engines  are  constructed  on  the  principles 
laid  down  in  Part  III.,  Section  IV.,  Articles  270-277,  and 
are  either  of  the  Stirling  type,  in  which  heat  is  communicated 
indirectly  to  the  air  cylinders  from  a  furnace  below,  and  stored 
up  in  a  regenerator;  or  of  the  Ericsson  or  furnace  gas  type, 
the  air  being  supplied  directly  to  the  furnace.  In  the  former 
there  is  no  exhaust,  the  air  is  used  over  and  over  again,  and  heated 
and  cooled  at  each  stroke  by  a  regenerator  and  refrigerator.  Of 
this  type  are  the  Robinson  and  the  Bailey,  both  made  in  England 
to  a  certain  extent;  the  Jahn,  exhibited  at  Antwerp  in  1894;  and 
the  Rider,  an  ingenious  little  American  engine.  All  these  have  a 
regenerator  and  two  pistons,  a  motor  and  a  displacer.  Heat  is 
retained,  because  the  gases  of  combustion  are  not  discharged,  but 
the  difficulty  of  heating  and  cooling  the  air  at  each  stroke  is  great, 
and  the  pressures  are  very  low.  In  a  trial  on  the  Bailey  engine 
the  highest  pressure  attained  was  only  one  atmosphere,  with  a 
consumption  of  6  to  8  lbs.  coal  per  B.H.P.  hour. 

Among  engines  of  the  Ericsson  type  the  most  noticeable  is  the 
Bonier,  a  vertical  single-acting  motor,  which  has  been  favourably 
received  in  France.  Air  is  supplied  to  the  furnace  by  a  pump  and 
a  slide  valve,  both  driven  from  the  crank  shaft  The  hot  gases 
from  the  furnace  act  directly  on  the  motor  piston  and  drive  it  up, 
and  the  products  of  combustion  are  discharged  at  each  stroke  by 
the  descent  of  the  motor  piston.  The  vertical  cylinder  is  connected 
to  a  horizontal  beam,  through  which  the  piston  rod  works  on  to  the 
crank  shaft.  Cold  air  is  delivered  into  the  furnace  at  a  pressure 
of  15  lbs.  per  square  inch,  and  part  circulates  round  the  piston,  to 
keep  it  cool.  This  engine  is  self^ntained,  and  works  steadily  and 
without  risk,  but  the  mechanical  efficiency  is  only  69  per  cent.. 
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Q^  the  heat  efficiency  6  per  cent.     An  air  motor  of  the  sjhi 
ype  has  lately  been  brought  out  by  M.  Genty  in  France. 

Air  engines  are  practically  little  used.     Although  their  intr 
.uction  dates  from  the  beginning  of  the  century,  they  aln*^ 
ittle  improvement,  and  cannot  compete  in  economy  with  gas, 
»il,  or  steam  engines.     Their  sale  is  very  small,  and  has  not 
ncreased  during  the  last  few  years. 


Steam  Turbines.     See  p.  538. 

In  the  Parsons  steam  turbine,  the  steam  is  admitted  into  a 
cylindrical  casing  in  which  a  smaller  cylinder  is  free  to  revolve. 
On  the  surface  of  the  movable  cylinder  a  large  number  of  small 
vanes  or  blades  are  fixed.  These  vanes  are  set  at  suitable 
angles  to  the  axis,  and  are  closely  arranged  round  the  surface 
of  the  cylinder.  Guide  blades  are  fixed  upon  the  inner  surface 
of  the  casing,  the  object  of  which  is  to  direct  the  steam  upon 
the  movable  vanes.  The  steam  enters  at  one  end  of  the 
cylindrical  casing  and  travels  through  the  annular  space  left 
between  this  casing  and  the  movable  cylinder  or  drum  on  which 
the  vanes  are  fixed.  During  the  passage  of  the  steam,  it  is 
deflected  on  to  the  movable  vanes  by  the  fixed  guide  blades, 
and  produces  rotation  of  the  inner  drum  and  its  shaft.  Passing 
onwards,  the  steam  losing  part  of  its  energy  now  enters  another 
and  wider  system  of  cylinders,  where,  as  in  the  compound  engine, 
increased  area  of  surffice  enables  the  now  reduced  steam  pressure 
to  be  again  successfully  utilised.  If  the  energy  of  the  steam  ia 
not  now  sufficiently  reduced,  a  third  and  larger  system  of 
cylinders  is  employed,  and,  finally,  the  steam  passes  into  the 
condenser. 

The  steam  turbine  has  now  been  for  some  time  successfully 
applied  both  on  land  for  driving  dynamos  and  at  sea  in  large 
steamers ;  as  the  revolutions  are  rapid,  vessels  are  fitted  with 
several  propellers,  but  of  smaller  size  than  usual. 
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Brid|^  of  fornace,  460,  452. 
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Bucket  hoist,  103. 
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CAIjORI METERS,  244. 
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Electro-chemical  circuit,  542. 
Electro-magnetic  attractions  and  repul- 
sions, 544. 
„  bar-engine,  647. 

„  disc-engine,  646. 

„  engines,  689,  668. 

„  engines  —  Comparative 

cost  of  working,  541. 
„  engines  —  Efficiency  of, 

544,  668. 
„  plonser  engines,  648. 

Electro-motive  force,  648. 
Eneiigy— Actual,  85,  539. 

„     of  chemical  action,  267,  540. 
„     and  work—Equality  of,  32,  840. 
„      ofa  fluid,  818. 
„     of  heat,  299 


;  Energy-Law  of  the  transformatioo  ti, 
809,  540. 

„     —Potential,  82,  589. 
Engines- Air,  S45-874,  630. 

„      —Balancing  of,  680. 

„      — Binary  vapour.  444. 

„      ~Combmed,482. 

.,      —Compound,  659,  671,  674. 

„      -~Conaensing,478. 

„      described,  478-688. 

„      — Dir«ct  acting,  512,  618, 620,526. 

„      —Electro-magnetic,  689-5H,  668. 

„      -Gas,  447,  667,  606. 

„      —Oil  engines,  622. 

„      -Triple-A  Quad.-expn.,  681,  58fiL 

,j      —Water,  91-213. 
I  Equilibrium  slide  valve,  489. 
I  „         valve,  122, 486. 

I  Equivalent  of  heat— Dymunical,  299. 
Equivalents— Chemical,  267. 
Ericsson's  engine,  354,  630. 
Escape  valve,  481. 
.  Ether  and  steam  engine,  444. 
„    —Formulas  for,  287,  445. 

,,   -Table  of  properties  of,  eoo. 
Evaporation,  235,  241. 

„         -Factors  of;  266. 
„  —  Latent  heat  of,  262,  826. 

„         —Measurement  of  beat  by, 
254. 
—Total  heat  of,  253,  827. 
Exhaust  port,  487. 
Expansion— Cooling  by,  319. 

„        and  elasticity  of  air,  229. 
„        —Free,  822. 
of  ffases,  229. 
, ,        —Latent  heat  of,  260, 809, 8U\ 

of  liquids,  109,  232. 
„  by  Slide  valve,  491. 
„        of  solids,  234. 

valves  480,  498,  499. 
Expansive  action  of  heat  in  fluids,  SIC^  607. 

„  of  steam,  876-422,  668  57^ 

Explosion  of  boilers,  466.  [58L 

Factors  of  safety,  64,  459. 
Fall  of  water,  91. 

„  —Energy  of;  98. 

Fan  blower,  290. 
Fan  steam  engine,  588. 
Feed  apparatus,  452,  464. 
Feed  pnmp,  452,  464. 
Feed-water,  890,  401,  464. 
Feed-water  heater,  262,  294,  465,  563. 
FifVh  powerx  and  squares— Table  o^  167. 
Fire— Temperature  of,  283. 
Fire-ban,  456. 
Fire-box,  69,  449,  452. 
Hre-doors,  279,  282,  450,  468. 
Fire-engine,  567. 
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Firing  furnaces,  281,  291,  664. 
Flame,  273. 

„     chamber  and  bed,  450. 
Flap  vaWes,  122,  128. 
Flexible  tabe  valves,  126. 
Flexure— Moment  of,  75. 
Float  in  boiler,  453. 
Floatinff  of  solid  on  molten  metal,  285, 

331. 
Flow  of  air,  824. 
Flow  of  steam,  29a 
Flow  of  water— Measurement  of,  92. 
„  through  channels,  154. 

,,  through  pipes,  118, 559, 580. 

Flues,  450,  452,  461. 

„     —Strength  of,  70,  588. 
Fluid  condition,  236. 
Fiy  wheels,  59,  482,  51t 
Foot-pound,  1,  888. 
Fores— Centrifugal,  26. 
„    de  chevalj  2. 
„    — Deviatmg,  25. 
„    -Electro-motive,  548. 
Fracture,  64. 

Frame  of  engine— Strength  of,  64,  520. 
Friction,  14. 

„       of  channels,  101. 
„      — Co-e£Bcient  of,  15. 
„       offluids,56,  101. 
„       —Heat  of,  18,  299. 
„       of  journals,  17. 
„       of  pipes.  102,  659. 
Fuel— Available  heat  of  combustion  of,  290. 
„  —Ingredients  of,  273,  275. 
„  -Kinds  of,  274,  619. 
„  —  Rate  of  combustion  o^  284. 
„  —Supply  of  air  to,  280. 
„  —Total  heat  of  combustion  0^277. 
„  —Waste  of,  290. 
Furnace,  282,  449. 

„       —Air  for,  280,  281,  285  291. 
„      —-Blowing  apparatus  tor,  282, 

290,451,469. 
„       —Bridge  of,  450,  452. 
„       —Draught  of,  285. 
„       — Effidency  of,  860,  370. 
„       —Examples  of,  469. 
—Front  of,  460,  468. 
„       —Height  of,  457. 
„      —pHrts  and  appendages  of,  449. 
Furnace  and  boiler — Efficiency  of,  290, 406. 
,,  —General  arrangement 

of,  449, 
Furnace  eas  engine,  874. 
Fusible  plug,  464. 

Fusion— Latent  heat  of,  250,  251,  881. 
„     —Temperatures  of,  225,  286,  251. 

Cab  of  eccentric  rod,  490. 
OaWanic  battery.  542. 


Gas— Carbonic  acid,  269. 

„  — Carbonio  acid— Expansion  of,  229. 

„  —Perfect.  226,  691. 

Gas-engine,  447, 567,  606. 

Gases — Compresnon   and   expansion  oi, 

319  822. 

„    —Elasticity  of,  229,  311,  559. 

„    —Flow  of,  824. 
Gaseflcation— Total  heat  of,  255,  827. 
Gasket,  129. 
Gauge— Bourdon^s,  111. 
Gauges,  110. 

Governors,  63,  158,  480,  551. 
Grate,  285,  449,  465. 
Grate  surface.  455,  568. 
Grates— Moving,  457. 
Gravity,  19. 
Grease,  16. 
Grease-oock,  481. 
Gudgeons,  181. 

Gui^  for  piston-rod,  482,  512. 
GyraUon— Radius  of,  28. 

Head  of  water,  91, 110. 

Head  race,  97. 

Head— Loss  of,  92, 100,  416,  680. 

Hearth,  449, 457. 

Heat,  224. 

„    -Capacity  for,  245. 

„    ofcombu8tion,267,  270,  277. 

n    ^Conduction  of,  257. 

„    —Convection  of,  261. 

„    — Dynamical  equivalent  of,  299. 

„    —Expansive  action  of,  810,  315, 607 

„    of  friction,  18,  299. 

„    -Latent,  250,  252,  809,  812,  325, 
331. 

„    —Mechanical  action  of,  223,  447,  58^ 

„    —Quantities  of,  243, 800. 

„    —Sensible,  248. 

„    —Specific,  245. 

„    —Total  actual,  805. 

„    —Transfer  of,  267. 

„    —Unit  of,  244. 
Heating  by  compression,  819. 
Heat  engines,  223,  832,  842,606. 

„  —Action  of  fluid  on  piston 

of,  837. 
Heating  surface  of  boilers,  262, 298,461,568. 
„  —Effective,  462. 

,.  —Total,  462. 

Height  aue  to  velocity,  2L 

„         —Table  of,  590. 
Hempen  packing,  129. 
High  pressure  steam  engines,  881,  478. 
Historical  sketch  of  steam  engine,  xvii. 
Hoist— Water  bucket,  105. 

„    —Water  pressure,  183. 
Horse  power,  2,  40,  50,  833,  339,  375.      . 
H  —Elective,  422. 
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Hone  power— Nominal,  468,  479. 

„  of  boilers,  461. 

Hones— Work  of,  88. 
Hot  well,  482. 
Hangarian  machine,  144. 
Hydnnlio  cranes,  188, 

„        hoists,  138. 

„       press,  66  69, 128, 129. 

„  „    — Strength  of,  69. 

„       pnrahases,  138. 

„       ram,  98,  211. 
Hydrocarbons  as  fuel,  278. 

„  as  nngaenta,  16. 

Hydrogen,  268,  278. 

IcB— Melting  of,  225,  88L 
Impulse,  20. 

„       of  fluids,  211. 

„      ofwater,  168,  211. 
Indicator  diagram,  48,  801,  876,  571. 

„  „       — Disturbance  of  417. 

„       —Friction  of,  422. 

„       —Position  of^  422. 

„       — Steam  engine,  47*  571. 
Indicated  power,  47, 50,  51, 882,  889, 875. 
Induction  valves,  480. 
Inertia,  21. 

„     —.Moment  of,  22. 
„     —Reduced,  28. 
Injection  valve,  481,  508. 
Injector,  477. 
Integrals— Approximate  oompntation  of, 

Isodiabatic  lines,  845,  846. 
Isothermal  lines,  802,  846. 

Jackkt— Steam,  895,  481. 

Jacketted  cylinders— Action  of  steam  in, 

895,  574. 
Jet  pump,  98,  218. 
Joumalsr— Friction  of,  17. 

.,      — Stren^h  of,  75,  79. 
Joule's  engine,  3/1. 

,.     equivalent^  299,  82dw 
Juckes's  grate,  457. 
Junk-ring,  129. 

Kevs— Strength  of,  71. 
Kilogramme,  1,  2. 
Kilogramm^tre,  1,  2. 
Knot,  or  nautical  mile,  8. 

Lap  of  slide  valve,  491. 

Latent  heat  of  evaporation,  252,  825 

„         of  espansion,  250,  809,  818. 

„         of  fusion,  250,  881. 
Lead  of  slide  valve,  491. 
Leather  collar  for  plungers,  128. 
Leather  packed  piston.  128. 
Levers— Strengtn  ot,  75, 


Link  motion,  496,  550. 

Liquefftction,  241  895. 

Liquid  state,  285. 

Liquid  water  in  cylinder,  395,  42L 

Liquids— Expansion  of,  232. 

Load  or  external  force,  64. 

Locomotive  steam  engines,  469,  528, 6€f. 

„  -» Adhesion  of  wheels  and 

weight  of,  528,  587. 

„  —Back  pressure  in,  882. 

„  —Balancing  ot,  530. 

„  —Blast  pifw  in,  531. 

„  —Combustion  in,  285. 

,,  — Condensing,  412. 

,,  —  Counter  pressoresteaip 

in,  588. 

„  — Efficiency   of   fimuiee 

and  boiler  of,  293. 

„  —Examples  o^  532. 

„  —  EnMmsion  of  steam  in, 

,,  —Furnace  and  boiler  of, 

456,  459-468. 

„  — Heating  cylinden  of, 

396. 

„  —Link  motion  in,  496. 

„  — Bmlator  ui,  413, 414, 

„  — Resistance  in,  529. 

„  —Safety  valves  of,  465. 

„  — Smoke  burning,  283. 

„  —Supply  of  air  to,  281. 

lines -Adiabatic,  302,  810, 819,  376, 383. 
Loose  eccentric,  491. 
Loss  of  head,  92,  100,  416, 580. 
Low  pressure  steam  engines,  478. 

Machutb— Action  of  a,  1. 

„        —Efficiency  of  a,  88,  584. 

„      — General  equation  of  action  of 

Man-hole,  452. 

Man-Workofa,84. 

Marine  boilers,  474,  477,  568. 

Marine  steam  engines,  516,  518,  525, 559. 

Mass,  19. 

Mechanism  of  steam  engines,  478. 

„        — Balancing  of,  521. 

,,        —Resistance  and  effidency  oil 
422,  584. 
Meltinff  points,  225, 235,  25U 
Men— Power  of,  84. 
Mercurial  barometer,  110. 

,.        thermometer,  282. 
Metallic  packing  for  pbtons,  505. 
M^tre,  1, 2. 
Mill  pond,  150, 151. 
Mill  site,  91,  150. 
Mineral  oil,  278,  477. 
Mixtures  of  vaponn  and  gases,  289L 
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Modulus  of  a  macMne,  89. 

„       of  rupture,  77. 
Moment  of  flexure,  75. 

„       of  iriction,  17. 

„       of  inertia,  21. 

„       of  resistance,  8,  75. 

„       of  rupture,  76. 

„      — Statical^  8. 

„       of  wrenching,  79. 
Momentum,  20. 
Motion — Angular,  8. 
„     —Friction  of,  16. 
„     —Second  law  of,  168. 
Mouthpiece  of  furnace,  450,  458,  476. 
Mud  hole,  452. 
Mules-Work  of,  89. 
Multitubular  boilers,  468,  474. 

Nominal  horse-power,  468,  479. 
Non-condensing  engines,  478,  480,  528. 
Notch  board— Flow  over,  93. 

Oil,  16;  oil  engine,  622. 
,,    —Mineral,  278,  477. 
Onfice— Flow  of  water  through  an,  95. 
Oscillating  en^nes,  482,  503,  518. 
Oven,  or  detached  furnace,  283,  449. 
Orershot  water  wheels,  160, 177. 

„  ,         at  high  speeds,  185. 

Oxen— Work  of,  89. 
Oxide— Carbonic,  269. 
Oxygen,  268,  278. 

Pagkimg — Hempen,  129. 
„  —Leather,  128. 
„  —Metallic,  606. 
Paddle  engmes,  516-650. 
Pambonr's  problem.  424. 
Parallel  motion,  482,  512. 
Passages— Air,  459. 

„      —  Reastance  of  steam,  413, 485. 
Peat,  276. 

Pendulum— Revolving,  26. 
Perfect  gas,  226,  571. 
Permanent  axis,  27. 
Pillars— Strength  of,  78. 
Pins— Strength  of,  71. 
Pinion,  IRl. 
Pipes— Blast,  218,  285,  288.  481, 581. 

„   -Flow  of  water  m,  112, 659, 580. 
Piston — Air  engine,  855. 

„    — Long  stroke,  507. 

„     — Packing  of,  605. 

„    rod,  506. 

„     —Speed  of,  606. 

„     —Steam  engine,  883,  480,  505. 

„     —Strength  of,  74. 

„     valves,  125,  141. 

„     —Water  pressure,  107, 128, 
Pivots— Friction  of,  17. 


2t 


Plug  rod,  486. 

Plunger,  127. 

Pomts— Boiling,  226,  236,  237,  241. 

Poncelet^s  floats,  171. 

„         wheel,  176,  186. 
Pond-MUl,  150. 
Ports— Steam,  413,  480,  485. 
Posts— Strength  of,  74. 
Potential  energv,  32,  539. 
Power— Animal,  81. 
„     of  a  fall  of  water,  91. 
„     —Horse,  40. 
„     —Muscular,  81. 
„     of  overshot  wheel,  185. 
„     of  turbines,  194. 
„     of  undershot  wheel,  188. 
„     of  windmills,  218. 
Press— Hydraulic,  66,  69, 128. 129. 
Pressure— Atmospheric,  109,  225. 
„      —Back,  376,  381. 
„      gauges,  110,  464. 
„      — Intensity  of,  4. 
„      —Loss  of,  413. 
„      —Mean  effective,  60,  51,  839* 
„      — Mean  effective— In  air  engines^ 

368,  369  367,  368,  373. 
„      —Mean  effective— In  steam  en- 
gines, 878,  388,  399,  401,  674. 
„      —Modes  of  stating,  108,  427. 
„      —  Various  units  o^  5, 110,  333» 
Prime  movers  classed,  80. 
„  defined,  18. 

Priming,  481. 
Proof  strength,  65. 
Proving  boUers,  466. 
Pump— Aur,  482,  508,  509. 
„    brakes,  56. 

„    -Cold  water,  481,  508,  668. 
„    —Feed,  452,  464. 
Pumping  engines,  87,  622-626. 

„  —Cornish,  37,  528» 


QuAKTniBs  of  heat,  243,  300. 
Quadruple-expansion  engines,  585. 


Radiation  of  heat,  257. 

„        from  fuel,  278,  292. 
Radius  of  gyration,  23. 
Rate  of  combustion,  284,  455,  589. 
Ratio  of  expansion,  378,  653. 
Ram— Hydraulic,  98,  211. 
Reaction— Action  and,  178. 

„       steam  engine,  638. 

„       of  water,  173. 

„       water  wheel,  190,  197,  199, 
206. 
Reciprocating  force,  8^ 
Fefhgerator,  361. 
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Regenerator.  844.  862,  489. 

Regulatore,  62,  97, 115, 480, 413, 414, 637. 

Release,  421. 

Relief  dacka,  144. 

fienstanoe  to  condnction  of  heat,  257. 

„         to  cross  breaking,  76. 

„         to  crashing,  7*2. 

„         of  electric  circuity  548. 

„        of  looomotiye  engines  and  trains, 
629. 

„         of  steam  engines,  422. 

„         of  steam  passages,  418. 

„        of  wMter  pipes  and  channels, 
118, 164. 
Retort  boiler,  47u. 
Reversing  engines  by  link  motion,  496. 

„  by  loose  eccentrio,  491. 

Rerolving  pendnlnm,  26. 
Rivets— Strength  of,  71,  469. 
Road  locomotives,  687. 
Rod — Connecting,  482. 
Rolling  resbtance,  17. 
Routive  steam  engines,  479. 
RoUtory  steam  engines,  478,  482,  608. 
Rnptnre— Modulns  of,  77. 

SArsTT— Factors  of,  64,  469. 

„      valves,  119,  464,  464,  466.  666, 
Sails  of  windmills,  '214-221.  [689a. 

Schemnitz  machine,  144. 
Screw  propeller  engines,  626,  669. 
Sector  cylmders,  5U8. 
Sediment  collector,  458. 

„       in  boaen,  467,  589a. 
Shafts,  482. 

,',      of  marine  engines,  520,  526. 

„      —Strength  of,  78,  79.  688. 
Shearing— Resistance  to,  71. 
Shell-Boiler,  451,  459,  563. 
Shrouding  of  water  wheels,  182. 
Side  lever  en^nes,  516. 
Siemen's  engine,  439. 
Single  acting  steam  engines,  478. 
Slide  valves,  1*24,  480,  486.  487,  488,  491, 
550. 
„  —Long,  487. 

„  —Short,  488. 

Slip  dock— HyoV'^Qlic  purchase  for,  184. 
Sluices,  153,  156. 
Smoke,  278. 

„      box,  451. 

„      —Prevention  of,  2Ui. 
Snilling  valve,  481. 
Solids— Expansion  of,  234. 

„    —Melting  points  of,  286. 
Soot,  278. 

Sound— Velocity  of,  249,  821. 
Source  of  water  power,  91. 

„  — Measurement  o^ 

92. 


LSpedfic  heatr-Dynamical,  806,  81C 
^   '^.  of  gases,  248.  818,  689. 

;;  of  liquids  and  soUds,  S4&. 

590. 

Speed  of  piston,  506. 
Spheroidd  state  of  fluids,  2381 
Starting  of  a  machine,  88. 
Stays— Bknler,  69,  456,  469. 
Steam — Action  of— Against  known  icslft^ 
ance,  428. 
„    —Action  of  dry  saturated,  99S. 
,.    —Action   of-On  piston,  60,  61, 

875-422,603. 
..    —Approximate  formula  for,  89^ 

4o5,  407. 
„    and  ether  engine,  444, 446. 
.,    — Baok  pressure  of,  881. 
„    chest,  4&,  451,  460. 
..    counter  pressure,  688. 

•  —Density  of,  230,  826,  694. 

n    -Efficiency  of,  887,  876,  896,  4W, 

437, 582. 
^    — Elastidty  of,  229,  689. 
„    engine— Double  actms,  60. 

..     —  Double  cylinder,  834. 
;  -Compound,  626,  659,  6n, 

;;    -Parts  of.  480,  481..    [574. 

„    —  Resistance  and  efficiency  o^ 
"  422. 

engines  — Tnijle  and  quad.,  682. 686. 
„    fra»  in  non-conducting  cylinder,  387. 
\l    gas— Outflow  of,  298. 
^    iras— Properties  of,  266.  820,  827, 
-    *   480,44«t. 
, ,    jacket—  K flSciency  of,  429 
!.    —Interpolation  in  tobies  oi;  380. 
"    -Latent  heat  of,  262,  825. 

•  —Nearly  dry,  407. 

;     —Practical  examples  of  aetkm  d^ 

404.  409. 
„    passages.  418,  486. 
,      pipe,  418,  454,  480. 
„    1-I>re88uroofsaturatlonof,236,67i. 
„    room,  462. 

-Superheated,  876, 576, 
'     —Tables  relating  to  action  of,  IV, 
••        696;VI.,6nirVU..Vin.,606| 
IX.;  441;  X.,  442;  XL,  448. 
^Thermodynamic    function     ana 
thermal  lines  for,  888. 
„    —Total  heat  of,  827. 
„    valve  480. 
,    whistle,  466. 
Steel  boilers,  465,  668. 

„    plates,  663. 
Steeple  engines,  618. 
Stirling's  ur  engine,  862,  680. 
Stop  valve,  454,480. 
Stopping  of  a  machine,  88. 
Strain  and  stress,  64. 
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stream,  W,  164. 

„      —Contraction  of;  94,  102,    160, 
166,  324. 
Strength  of  axles,  76,  78,  79. 

„       of  ban,  66. 

„       of  beams,  76. 

„       of  boilers,  67,  70,  459,  466, 563. 

„       of  bolts,  66,  69,  71. 

„       of  colnmns,  78. 

„       of  connecting  rod,  74. 

„       ofcrank,  75,  79. 

„       of  crofisheads,  75. 
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Jn  Large  8to.    Handflome  Cloth,  Gilt,  Uniform  with  Stability  of  Ships 

aod  SUel  Skips  (p.  38).      With  34  Foldiug  Plates  and  468 

'  lUustrations  in  the  Text.    308.  net. 

The  Principles  and  Practice  of 

doge:  enoineehing. 

By  BRYSSON  OUNNINGHAM,  B.E.,  AssocM.Inst.C.E., 

Of  the  Engineers'  Department,  Mersey  Docks  and  Harbonr  Board. 
GENERAL  CONTENTS. 

Historical  and  Discursive.— Dock  Design.— Constructive  Appliances. — 
Ifaterials. — Dock  snd  Qnay  Walls. — ^Entrance  Passages  ana  Locks. — 
Jetties,  Wharves,  and  Piers.— Dock  Gates  and  Caissons.-^Transit  Sheds 
and  War^ooses. — Dock  Bridffes. — Graving  and  Repairing  Docks.— 
Working  Equipment  of  Docks. —Indbx. 

"  We  have  never  seen  a  more  profusely-illnstrated  treatise.  It  is  a  most  Important 
standard  work,  and  shoidd  be  in  the  hands  of  all  dock  and  harbour  engineers.  "—Steamihip. 

"Will  be  of  the  greatest  service  to  the  expert  as  a  book  of  reference."— £n(7ine«r. 


Fourth  £ditiok.    In  Two  Parts,  Published  Separately. 
A    TEXTBOOK   OF 

Engineering  Drawing  and  Design. 

TOL.  L — ^Praotioal  Obomktrt,  Plahi,  A5D  Solid.    48.  6d. 
Vol.  II. — Maohins  akd  Enoini  Dbawihg  and  Dbsioh.  48.  6d. 

SIDNEY  H.  WELLS,  Wh.Sc,  A.M.LC.E.,  A.M.I.Mech.E., 

Mnolpal  of  tbs  Battenea  PolTteehnle  lostltate,  Ac. 

WUh  many  lUtutrtUUms^  spedaUy  prepamd  far  the  Worh^  and  numtrcm 

MsoampUSffor  the  Use  qf  Students  m  Teehmeal  Schools  and  Colleges. 

**  A  oapn AK  VBZV-Boos,  srranfsd  00  sa  ■xoiiun*  srsfsii,  ealeolated  to  giTssn  Intalllcwit 
snipor  thessI^Ml.  sod  not  the  man  faenltr  of  meohaaieid  oopying.  ...  Mr.  WeUsshows 
boir  to  auihe  ooMPUf  1  vomxise-DSAWises,  disBnssing  fUly  eseh  step  In  the  desigB.*— JImcHmI 


In  Large  Crown  8vo.     Handsome  Cloth.    With  201  DlustratioDS.    08.  net. 
AN  INTRODUCTION  TO 

rrsix:  desion^  of  BSiLinKs, 

GIRDERS,  AND  COLUMNS 
tN  MACHINES  AND  STRUCTURES. 

With  Examples  in  Graphic  Btatios. 
By  WILLIAM  H.  ATHERTON,  M.Sc.,  M.LMech.E. 

*'A  very  useful  sonroe  of  information.  ...  A  work  which  we  commend  very 
lUghly  .  .  .  the  whole  being  illnstrated  by  a  large  collection  of  very  well  chosen 
«zain^es.'*— i^oture. 

"There  should  be  a  strong  demand  for  this  concise  treatise.**— Pole's  WeMy. 

mam:  charles  briffin  a  co..  limited,  exeter  street,  strand- 


3D  CHARLES  ORIFFIN  S  CO.'S  PUBLICATIONS. 

BioovD  Edition,  Revised.     With  nnmeroas  PUtee  rednoed  : 
Working  DrawiagiB  and  290  lUnstnutioBt  in  the  Text»     SU. 

A     MANUAL     OF 

LOCOMOTIVE    ENGINEERING: 

A  Praetlcal  Text-Book  for  the  Use  of  Bnfllne  BuUderii 

Designers  and  Draughtsmen,  Baiiway 

Engineers,  and  Students. 

BY 

WILLIAM  PRANK  PETTIGREW,  M.Inst.O.K. 

With  a  Seotion  on  Amerioan  and  Oontinental  Bnginea, 

bt  albert  F.  RAVENSHEAR,  B.Sc., 

Of  Hli  MaJottT'8  PAteot  Office. 

flmtaiK.  —  Htotorieal  IntrodnoUon,  17n-186S.— Modern  LocomoilTee :  nrnptob  — 
Modem  Looomotitei:  Compound.  -  Primary  Conaider»tion  In  Looomotive  DaaigB.— 
^lladOTi,  Steun  Oheeti,  and  Stnfflnff  Bozee.— PieUme,  Piiton  Bodi,  Oroeeheedfc  aad 
nde  Sert.— Connecting  M<^  ConpUng  Bode.— Wbeela  and  Axlea,  AiJe  Bozee,  HornUooke, 
wd  Beeriaf  SDrlngB.--BalaDolnp.^ya)Te  Geer.^Slide  Valvee  end  VelTc  Qeer  Detalle.^ 
rnntef tfioffee  end  Axle  Tmcke,  Bediftl  Axle  Bozee.— Bollere.—8nokelKnt,  Bleet  PIpei. 
fkeboz  FllunfB.^Boller  Monntinge.— Tenders.  >  Baiiway  Brake*.— Labiioetioa-.Ooii- 
■■■ytloB  of  Feel,  BTaporalion  and  Engine  KAdeaoy.— AmericeA  Looonetfvee^i-Ceii- 
Itoeiilrt  Loeoinotifee.— Bepalre,  Banning,  laepeelSoii,  and  Benewala.— Tluee  Appeadleea. 

^**iaelyto  remain  for  many  years  the  STAvnAin  Woas  for  thoee  wlalilaff  to  leen 

^'^AmoettntereeOng  and  Taloable  addition  to  the  bibliography  of  the  Loeonottte.*^ 
Mwnmn  OfMal  OatHU. 

**  We  recommend  the  book  ae  moBOuosLT  nionoAL  in  Ita  character,  and  mibhuni  a 
ff&iCB  nriVT  ooLucTioii  of   .    .   .    works  on  LooomotlTe  Bngtaeerlag."— BoOiemr  jr«ei. 

**1lw  work  oovTAUs  all  that  oam  bb  lbabht  from  a  book  vpon  each  a  saniset  It 
wlB  at  oaee  rank  ae  ma  sTAMULan  woaa  urov  this  iiiFoaTAirr  subjbot.**— JSaMMy  Mmgtim, 


InLurgeBffo,    HcMdaome  Cloik.     Wiih  Plaiu  attd  IUm»traiion$.    16$. 

AT  HOME  AND  ABROAD. 
Bt  WILLIAM  HENRY  OOLE,  M.lHST.aR, 

Late  Depnty-lf  anager,  North-Westem  Ballway,  India. 
CmIm<0.— DiMoaeion  of  the  Term  ''Light  RaOwayi.'*— English  IUa«Mi, 
Batee^  and  Farrnen.— Light  Railways  in  Belgium,  France,  Itslw,  eHIMr 
Xofopean  Countriee,  America  and  the  Colonies,  India,  Ireland.— Hoad  T^aas- 
wmi  as  an  alternative.— The  Light  Railways  Act,  iS9&— The  Queatloo  of 
f^hmge.— Construction  and  Working.— Locomotives  and  Ro]linff*3took.~Ught 
Railways  in  "Rnglawi,  Scotland^  and  Wales.  — AppendJees  and  Index. 

**]fr.  W.  H.  Ode  bae  broof  bt  together  ...   a  labob  amoovt  of  vaiauilb  moaBa- 
nca   .    .    .    hitherto  practically  loaooeMlble  to  the  ordinary  reader. '—neui. 

**  Will  remain,  for  tome  time  yet  a  ^abdabo  Wobx  in  evsiything  relating  te  Ught 
BaOwnra**— ^hV'eMr. 

**  the  aothcr  has  extended  practical  ezperlenee  that  makes  the  book  Indd  aad  assfat 
It  le  BUBBBONiLT  Well  doBC.  '^^Bnginufiitg. 

**  The  whole  sablect  Is  bzhaostivblt  and  pBAcnoALLT  ooneldered.   The  woikeaabe 
eordleny  recommended  an  ntpispsssABLB  to  thoee  whose  duty  It  totobeoomeaeM 
wits  oae  of  the  prime  neoeseMev  of  the  immediate  fntare.**— AoMmr  Omdml  €f9Mtna, 

"TaxBB  oouLo  RB  BO  BBiTBB  BOOK  Of  flTBt  reforsnoe  00  lu  sal^eet.    AB  ~' 
will  welcome  Ita  appea^ulce.^ 


UWOON :  CHARLES  SRIFFIN  A  CO..  LIMITED.  EXETER  STREET.  STRAND. 


ENQINBBRINO  AND  MB0HANIG8.  Zl 

PouRTH  Edition,  Thoroughly  Revised  and  Greatly  Enlarged. 
With  Numenmi  lUustratMntL     Price  10s.  6cL 

VALVES  AND  VALVE-GEARING: 

A  PRACTICAL  TEXT-BOOK  FOR    THE    USE   OF 

ENGINEERS,  DRAUGHTSMEN,  AND  STUDENTS.       * 
Br   CHARLES   HUEST,    Practical   Draughtsman. 

PiiRT  I.— Steam  BDgine  Valv^.  I     Fart  III.— Air  Compressor  Valves  and 

PABT  II.— Gas  Engine   Valves   and  Gearing. 

Gears.  I     Part  IV.— Pump  Valves. 

■'Mb.  Humtb  taltbs  and  TAiT»«BAaiiro  will  prove  a  verj  valuable  aid,  and  tend  to  the 
pvodaotlonorBnglnesofNiBmriODBBiaiiandiooHOMicALWoixxao.  .  .  .  Will  be  largely 
•ovight  after  by  Stadents  and  Designers.  —Ifarlii*  Snoineer. 

**  Almost  KTSBT  TTPB  of  yAi.vB  and  its  gearing  is  clearly  set  forth,  and  lUnstrated  ia 
•nflh  a  way  aa  to  be  rsamlt  iiiidkbstood  and  psaohoallt  applied  by  either  the  KngliHWir, 
Draaghtaman.  or  Btndent.  .  .  .  Should  prove  both  usBFUt  and  taluablb  to  all  Bngineen 
•eeUiig  for  ■■ttAM.a  and  oLXiUt  Information  on  the  subject  Its  moderate  price  bnagi  It 
within  the  reach  of  tiH^-^lndustriu  and.  Iron. 


Hints  on  Steam  Ingltm  Desfffn  and  Construotlon.    By  Chaklks 

HuBST,  "Anthor  of  Valves  and  Valve  Gearing."    Sxoond  Edition, 

Revised.     In  Paper  Boards,  8vo.,  Cloth  Back<     lUustrated.    Price 

la.  6d.  net. 

CoNnvTS.— L  Steam  Pipes.^II.  Valves—IIL  Cylinders.— IV.  Air  Pumps  and  Con- 

denaerB.^V.  Motion  Work.->VI.  Crank  Shafts  and  Pedestals.— VIL  Valve  Gear.— YIIL 

Lubrication.— IX.  Miscellaneous  Details  — Ibbbx. 

**Ahandy  volume  which  every  practical  young  engineer  should  possess."— 2^  M<xUl 
Bnglneet. 

Strongly  Bound  in  Super  Royal  8vo.     Cloth  Boards.     1b.  6d.  net. 


For  Calculating  Wages  on  the  Bonus  or  Premium  Systems. 

For  Engineering,  TechniccU  and  Atiied  Trades. 

By  henry   a.   GOLDING,   A.M.I nst.M.E., 

Technical  Assistant  to  Messrs.  Bryan  Donklu  snd  Clench.  Ltd.,  and  Assistant  Lecturer 

In  Mechanical  Engineering  at  the  Northampton  Institute.  London,  £.0. 
"Cannot  fail  to  prove  practically  sei'viceable  to  those  for  whom  they  have  been 
designed.  "—iSSooteman.  

Second  Edition,  Cloth,  8s.  6d.    Leather,  for  the  Pocket,  8s.  6d« 
OBIFFIN'8  BLECTBIOAL  PBIGE-BOOK :   For  Electrical,  Civil, 

Marine,  and  Borough  Engineers,  Local  Authorities,  Architects,  Railway 

Contractors,  &c.,  &c.    Edited  by  H.  J.  Dowsing. 
"  The  ELBcntiCAL  Pucb-Book  kbmovbs  all  mystbiiv  about  the  cost  of  Electrica 
Power.    By  lu  aid  the  bxpbksb  that  will  be  entailed  by  utilising  electricity  on  a  krge  or 
smaD  ssale  can  be  discovered."— i<fr>b*/«(/. 


By   WILLIAWl    NICHOLSON, 

{89e  page  76.) 

(LONDON:  CHARLES  ORIFFiN  4  CO.,  IWITEO.  EXtTER  STREET.  STRANa 


'32  CHARLES  iSfRlFFIN  ^  CO.'S  PUBLICATIONS. 

SSTORTLT.    3E0OKD  Editiok.    Large  8vo,  HandBome  Cloth.    Witk 
niuBtratioiiB,  Tablesy  &o. 

Lubrication  &  Lubricants: 

A  TREATISE   ON   THE 
THEORY  AND  PRACTICE  OF  LUBRICATION 

AND  ON  THX 

NATURE,   PROPERTIES,  AND  TESTING  OF  LUBRICANTS. 
By  LEONARD  ARCHBUTT,  F.LO..  F.O.S^ 

OlMinM  to  ftbe  XUlMid  SaUway  OompMij, 
AND 

R.    MOUNTFORD  DEELEY,   M.LMech.E.,   P.O.a, 

Chief  LoeomotlTe  Superintendent,  Midland  Bailwaj  Oonpaiir* 

COHTBRTB.— I.  Friction  of  Solids.— n.  liq^d  Frietlon  or  Vbootttj.  and  Il«ftlt 
Friction.— IIL  Saperflcial  Tenaion.— IV.  The  Theory  of  Labrloattoo.— V.  Lateieaata, 
€hdr  Sonroei,  Pr^iaimtloii,  and  ProiMHiea— VL  Phyrtoal  ftoowttat  and  Metfeodt  «l 
Kramtnatiop  of  Labricanta.— VII.  Chemical  Propertiaa  and  Metlioda  of  T 


U  LubrioaQtB.— VIIL  The  Systematio  Teeting  of  Labrioanta  by  Phyiioal  and  Chenleal 

H^thoda.— IX.  The  Mechanical  Teitinff  of  Lnbricants.— X  The  Deiign  and  Lahfloatloa 

of  Bearlnga.— XI.  The  Labrication  of  Machinery.— INDEX. 

"  Destined  to  become  a  classio  on  the  anbject."— fwdiifeK^  and  Ifn, 

** Gontaina  practically  all  tbat  is  known  on  the  aiib|ect.    Diaia'iea  Um  OMiial 

attention  of  all  Sngineen."— l{aiZu»y  OJMai  Guide, 


Fourth  EDinoir.     VeryfuUjf  lUustraUd.    Ctoih,  4f.  64. 

STEAM  -  BOILERSi 

TdBIB  DXraOTS,   ICAKAaXlCENT,   AMt)   OOMWHUOWOH. 
Bt   B.   D.    MTTNBO, 

CkUf  Engineer  of  the  SeottiA  BoOer  Inauranee  emd  Btigiime  J 


OBKmtAi.  CoNTBNTS.— I.  ExpLOstcKS  caused  (x)  by  Overheating  of'  Platea  (a)  By 
Defective  and  Overloaded  Safety  Valves— (3)  By  Corrosion,  Internal  or  Sxtexnal— £«)  By 
Defective  Design  and  Construction  (Unsupported  Flue  Tubes;  XJnstrencAeiied  Manboka: 
.  iPefective  Staying ;  Strength  of  Rivetted  Joints ;  Factor  of  Safety)— I LXToNsntucnoii  or 
Vbktical  B01LKR8 :  Shells— Crown  Plates  and  Uptake  Tubes— BCan-Holes,  Mnd-HolMt 
and  Fire-Holes  —  Fireboxes — Mountings — Management— Qeaniag—TaUe  of  DmaliBg 
Pressures  of  Steel  Boilers— Table  of  Rivetted  Joints— Spedficanons  and  DnwiMs  ol 
Lancashire  BoOer  for  Woricing  Prsamres  (a)  Bo  lbs. ;  (6)  aoo  lbs.  per  square  inch  rsipecUfely. 

**  A  vafaiable  companion  for  wotkmea  and  engijieert  enfaged  abooi  Staam  BoQss,  naglM 
lo  be  carefiilhr  studied,  and  always  at  hand."— C0//.  GttanUmn. 

"  The  book  is  tbry  usbful,  especially  to  steam  users,  artisans,  and  yotug  TTihTihkiii  * 
Bngineer,  

Bf  ths  «ams  AumoK, 

KITCHEN    BOILER    EXPLOSIONS:    Why 

they  Occur,  and  Row  to  Pi«v«nt  their  Odcarreue^.  A  Pnurtical  Hand* 
\ioik  hMed  en  Aotnal  EiqperaneBt  With  Diagram  ftud  Colowed  Plate. 
Price  3s. 

LONDON:  CHARLES  GRIFFIN  A  GO,  LIHITED,   EXETER  STREET,  STRAND. 


BUrOINBBRINO  AND  MSOHAmOB.  ^3 

In  Crcwn  Zvo,  Chth,    Fully  lUustrated,     $;.  net, 

EMERY   GRINDING    MACHINERY. 

A  Text-Book  of  Workshop  Praetfee  In  Cfeneral  Tool  Gpindlnff,  and  the 
Deslffn,  Construction,  and  Application  ot  the  Machines  Employed. 

By  R.  B.  HODGSON,  A.M.Inst.Mech.E. 

Introduction.— Tool  Grinding.— Emery  Wheels.— Mounting  Emery  Wheels. 
— Emerjr  Rings  and  Cylinders.  —  Conditions  to  Ensure  Efficient  Working.— 
Leading  Types  of  Machines.— Concave  and  Convex  Grinding.^Cup  and  Cone 

Machines Multiple  Grinding.  —  "Guest"    Universal  and   Cutter  Orindftig 

Machines. —Ward  universal  Cutter  Grinder.— Press.— Tool  Grinding;.— Lathe 
Centre  Grinder.— Polishing. --Index. 

''Eminently  practical  .  .  .  cannot  fail  to  attract  the  notice  of  the  users  of  this  class  of 
machinery,  and  to  meet  with  careful  perusal."— CA/m.  Trade  Journal, 


In  Three  Parts.    Crown  8vo,  Handsome  Cloth.    Very  Fully  Illustrated. 

MOTOR-CAR  MECHANISM  AND  MANACEMENT. 

By  W.   POYNTER  ADAMS,  M.Inst.KE. 

Part  I.— The  Petrol  Car,    Part  II.— The  Electrical  Car. 
Part  III.— The  Steam  Car. 


Just  Out.]  PART    i.— THE  PETROL    CAR.  CSs   net. 

Contents.— Section  I.— The  Mechanism  of  the  Petrol  Car.— 
The  Engine. — The  Engine  Accessories. — Electrical  Ignition  and  Accessories. 
— Multiple  Cylinder  Engines. — The  Petrol. —The  Chassis  and  Driving  Gear. 
— Section  II.— The  Management  of  the  Petrol  Car,— The  Engine.— 
The  Engine  Accessories.— Electrical  Ignition. — The  Chassis  and  Driving 
Gear.  —General  Management.  — Glossary.  — In  dex. 


Sixth  Edition.    FoUo^  atrong^y  half-bound,  21s. 

TRJLVSRSS     rrABlLiESS: 

Computed  to  Pour  Places  of  Deelmals  for  evet*y  Minute  of  Anglo 
up  to  100  of  Distance. 

For  the  Use  of  Surlreyors  and  Engineers. 

By   RICHARD   LLOYD    GURDEN, 
Authorised  Surveyor  for  the  Goyemments  of  New  South  Wales  aoo  Vktorit. 

%*  PitbHihid  with  the  C^meutrmu  wf  iki  SufWyart-GekAwl  hr  Nmt  SmUK 
Wk^a$id  VkUHa, 

"ThoM  who  ha¥«  «xp«rieBO»  in  oact  SvamMvOKic  will  best  know  how  to  appreciate 
the  eaonnout  amomit  «  labour  represented  b^  this  valuable  book.    The 


mgjMMr, 


tONDON:  CHARLES  eRIFFlN  i  CO..  UMITED,  EXETER  STREET,  STMia 


.34  CHARLB8  ORIFFIN  A  C0.*8  PUBL10ATI0N8. 

WORKS    BY 
ANDREW  JAMIESON,  MJnst.CE^  M.LEJL,  F.R.aE^ 

i  EttMimsermtt  TJu 
TecknUml  CplUgg. 


*F9murfy  Proftuor  «/  BUcMuU  En^buerim9^  Tlu  GUugem  mmd  Wttt  V  ScoilmU 

Tecknicml  C  " 


PROFESSOR  JAMIESON'S  ADVANCED  TEXTBOOKS. 
*STEAH  AND  STEAH*EN6INES,  INCLUDING  TURBINES 

AND  BOILERS.  For  the  Use  of  Stadents  preparing  for  Competitive 
Examinatioiis.  With  over  700  pp.,  over  350  lUnscFBtioiit,  10  Folding 
Plates,  and  very  numerous  Kxamination  Papers.  Fouktkbnth  Editiov. 
Revised  throughout.     los.  6d. 

''PtofdMor  Jamicion  fasonates  the  reader  by  hie  CLBAMNass  op  concbptiow  ams 
•mpuoTV  OP  BXPRBSSIOM.     His  treatment  recalls  toe  lecturing  of  Paiaday.**— >4/Ac«mM. 
*'  The  Bbst  Book  yet  fmblished  for  the  use  of  Students.**— ^nj^iMtfr. 

4APPUED  MECHANICS  &  MECHANICAL  ENGINEERING. 

Vol.  I. — Comprising  Part  I.,  with  568  pages,  300  Illustrations,  and 
540  Examination  Questions :   The  Principle  of  Work  and  its  appfica- 
tions;  Part  11.:  Friction;  Gearing,  &c.    Fifth  Edition.    85.  od. 
"  Fully  maintains  the  repuutton  of  the  Author."— /'r<ic/.  EngitiMtr, 

Vol.  II.— Comprising  Parts  III.  to  VL,  with  782  pages,  371  Illa»* 
trations,  and  copious  Examination  Questions:  Motion  and  EnecQr; 
Graphic  Sutics;  Strength  of  Materials;  Hydranlics  and  Hydrmw 
Macbineiy.    Fourth  Edition.     las.  6d. 

"WCLL  AMD  LUCIDLY  WRITTBN.**— 7A#  EngtMHT. 

***  Esck  cftlu  abot^  vclumtn  it  compUU  m  Uuy^  and  uld  $€^rately. 


PROFESSOR  JAMIESON'S  INTRODUCTORT  MANUALS 

Crcwn  %vo.     With  lUustratUns  and  ExaminaHom  Puptru 

STEAM    AND    THE    STEAM-ENGINE   (ElementaiT 

Manual  oQ.    For  First- Year  Students.  Tenth  Edition,  Revised.    3^ 
'*  Should  be  in  the  hands  of  kvkky  engineering  apprenUce.**— /V»rtfc»/  Em^imMWi, 

MAGNETISM  AND  ELECTRICITT  (Elementary  Manntl 

of).    For  First-Year  Students.    Sixth  Edition.    3/6. 
'*  A  CAPrrAL  TBXT-BOOK  .  .  .  The  diagnuns  are  an  imporfat  UmSou^^^^-StkmimaaHt . 
"  A  TMOKOUOHLY  TRUSTWoaTHV  Text-book.    PsAcnCAL  and  dear.**- ^«<airv. 

APPLIED    MECHANICS    (Elementary   Manual  of). 

Specially    arranged    for    First-Year    Students,         Sixth    EDmoHy 
Revised  and  Greatly  Enlarged.    3/6. 
'*  The  work  has  vsxv  high  quautibs,  which  any  be  coodensed  into  the  one  w«d 
LBAX.'  *—ScUnc§  m9tdArt, 

A  POCKET-BOOK  of  ELECTRICAL  RULES  and  TABLES. 

For  the  Use  of  Electricians  and  Engineers.  By  JOHN  Munro,  CE., 
and  Prof.  Jamieson.  Pocket  Size.  Leather,  8a.  6d«  Ssvrntbbnth 
Edition.  [See  p.  48. 

tOmOK:  CHARLES  QRIFFIN  ft  CO..  LIHITED,  EXETER  8TREEL  STRAND. 


ajsraiNEBRima  and  MEOHAiriaa,  3$: 

WORKS     BT 

W.  J.  HAGQUORN  RANKINE,  LL.D,  F.R.S., 

LatM  Rtgius  Proftawor  of  Otoll  Ettglnomrlng  In  tht  Unlo§nlt9  9f  BlOBgom, 
THOBOUOHLT  BEVI8ED  BT 

W.     J.     MIL  LAB,     O.E., 

Late  Swrttaiy  to  tho  liutttuto  of  Snginotra  and  Shlp&ulldon  In  SootianA 


A  MANUAL  OF  APPLIED  MECHANICS : 

Oomprudng  the  Prinoiples  of  Statiofl  and  Cinematioa,  and  Theory  of 
Strnoturea,  Meohajusm,  and  Maohines.  With  Knmeroaa  Diagrams. 
Crown  8vo,  cloth.    Ssvxntbbkth  Editiok.     12b.  6d. 


A  MANUAL  OF  CIVIL  ENGINEERING: 

Comprising  Engineering  Surveys,  Earthwork,  Foondationi,  Masonry,  Car* 
pentry.  Metal  Work,  Boads,  Railways,  Canals,  Rivers,  Waterworki^. 
Harbours,  ko.  With  Nnmeroos  Tables  and  Ulnstrations.  Crown  SvOk. 
cloth.    Twxnty-Skcomd  EDirioir.    16s. 


A  MANUAL  OF  HACHINERT  AND  MILLWORK : 

Oonq^rising  the  Geometry,  Motions,  Work,  Strength,  Construction,  and 
Objects  of  Machines,  ftc  Ulnstrated  with  nearly  800  Woodcuts, 
Crown  8vo,  oloth.    Sbybnth  Editiok.    12s.  6d. 


A  MANUAL  OF  THE  STEAM-ENGINE  AND  OTHER 
PRIME  MOVERS: 

With  a  Sectioii  on  Gab,  Oil,  and  An  Ekoxvbs,  by  Bbtav  Dokkiv, 
M.Inst.C.B.  With  Folding  Plates  and  Numerous  Illustrations. 
Crown  8vo,  cloth.    SiXTBBNra  Eoinov.     12s.  6d. 

lONDON:  CHA8LE8  eRIFFiN  ft  CO.,  UHiTED,  EXETER  STREET,  STRAND. 
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Prof.  Rankinb's  yfovKs-^iC^mtinmid), 

USEFUL  RULES  AND  TABLES: 

For  ArohiteotSf  Boilden,  Engineen,  Founden,  Meohaniot,  Shiplmfldonfl 
Snrveyon,  &o.  With  Appendix  for  the  nse  of  Blsotrigal  ENOiNXiBa. 
By  Profeaaor  Jamibson,  F.BnS.E.    Ssyvntk  Bdztzok.    10b.  6d. 


A  MECHANICAL  TEXT*BOOK: 

APnctioal  and  Simple  Introduction  to  the  Study  of  Meohjuiioi.  1^ 
BrofesBor  Rakkins  and  £.  F.  Bambkb,  CE.  With  Nmneroas  lUoi- 
trationa.    Crown  8vo,  cloth.    FmH  Editiok.    Oi. 

V  f^  **M«nAvi<UL  Text-Book**  woi  dtHgned  fry  Profenor  RAvna  m  mm 
ouonoM  to  the  ofroM  StriM  of  MmnuaU, 


MISCELLANEOUS  SCIENTIFIC  PAPERS. 

Royal  8vo.    Qoth,  Sis.  6d, 

Pari  I.  Papers  relating  to  Temperatnre,  Elastidty,  and  RTpaadon  off 
Vapours,  Liquids,  and  Solids.  Part  IL  Papers  on  Energy  and  its  TruM- 
'formations.    Part  III.  Papers  on  Wave-Forms,  Propnlnon  ol  Veaselsy  fta 

With  Memoir  by  Professor  Xait,  M.A.  Edited  by  W.  J.  Millab,  aS. 
With  fine  Portrait  on  Steel,  Plates,  and  Diagrams.     ' 

"No  more  enduring  Memorial  of  Professor  Rankine  oonld  be  deemed  dian  Am  pnblic»> 
■don  of  these  papers  in  an  accessible  form.  .  .  .  The  CoUecdon  is  most  TahiaUe  ea 
Bccoant  of  the  nature  of  his  discoveries,  and  the  beauty  and  oompletenesi  of  has  aaalyaiL 
.  •  .  The  Volume  exceeds  in  importance  any  work  ib  the  saow  d«|iaita«tt  pwbmhs< 
in  oar  time."— ^rrJU^/. 


SHELTON-BEY  (W.  Vincent,  Foreman  to  the 

Imperial  Ottoman  Gun  Factories,  Constantinople)  t 

THE  MECHANIC'S  GUIDE :  A  Hand-Book  for  Eagineen  a!id 
Artisans.  With  Copious  Tables  and  Valuable  Redpes  for  Practical  Ut9i 
lllnstrated.    Second  Edition,    Crown  8vo.    Cloth,  7/6L 

LONDON:  0HARLE8  GRiFFlN  &  CO.,  LIMITED,  EXETER  STREET,  STRANa 
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Third  Edition,  Thoroughly  Revised  and  Enlarged,     WiUt,  60  Plates  and 
Numerous  Tllustraiions,    Handsottie  Cloth.    ^45, 

HYDRAULIC  POWER 

AND 

HYDRAULIC  MACHINERY. 

BT 

HENRY   ROBINSON,   M.  Inst.  C.E.,  F.GS., 

FBLLOW  OF  UN(/t  COLUMB,  LONDON ;  PBOV.  BUBBITUS  OF  OVII.  BNCINXBBIMGt 

king's  COLUCB,  BTC,  KTC. 

CONTRNTS  — Dischatve  through  Orifices. — Flow  of  Water  through  Pipes.— Accumulators. 

—Presses  and  Lifts. — Hoists. — Kams. — Hydraulic  Engines. — Pumping  £nginc&. — Capstans. 

—Traversers. —Jacks. — Weighing  Machines.  —  Riveters  and  Shop  Tools. —  Pundung,. 

id  Flanging  Machines. — Cranes.— Coal  Discharging  Machines.- Drills  and 


„,  and  Flanging  Machines. — Cranes.— Coal  Discharging  

Cutters. — Pile  Drivers,  Excavators,  &c. — Hydraulic  Machinery  applied  to  Bridges,  Dock 

Gates,  Wheels    and  Turbines. — Shields.  —  Various  Systems  and  Power  Installations  — 

Meters,  &c.— Index. 

"The  standard  work  on  the  applicaUon  of  water  power."— CoxnVr'i  Magazine. 


Second  Edition^  Qrtatly  Enlarged.     With  Frontiapiece,  several 
FkOea,  and  over  250  lUuUraiiona.    2U.  net. 

THE  PBIRCIPLSS  AHD  CORSTRUCTIOII  OF 

PUMPING  MACHINERY 

(STEAM  AND  WATER  PRESSURE). 

Wiih  Practical  Illiutrations  of  Engines  and  Pumps  applied  to  Mi>-iNOr 

Town  Wateb  Supply,  Dbainags  of  Lands,  &o.,  also  Soonomy 

and  Efficiency  Trials  of  Pumping  Machinery. 

By    henry    DAYEY, 

Memter  of  the  Instttation  of  Civil  Engineers,  Member  of  the  Instlfeatlen  of 
Meohanieal  BnglneerB,  F.G.S.,  Ao. 

Contents  — Eaily  History  of  Pumping  Engines— Steam  Pmnping  Engines^ 
Pumps  and  Pnmp  Yalves—GreneTal  Principles  of  Non-Rotative  Pumping 
Engines— The  Oomish  Engine,  Simple  and  Compound— Types  of  Mining 
Engines— Pit  Work— Shaft  Sinking— HydrauUc  Transmission  of  Power  in 
Mines — Electric  Transmission  of  Power — Valve  Gears  of  Pumping  Engines 
—  "Water  Prebsure  Pum|King  Engines  —  Water  Works  Engines  —  Pumping 
Engine  Economy  and  Tnals  of  Pumping  Blachinery— Centrifugal  and  other 
Low-Lift  Pumps— Hydraulic  Bams,  Pumping  Mains,  &c.— Index. 

''By  the  *eBa  SngUsh  JSngineer  who  probably  knowi  more  about  Pumping  Machinery 
than  AVT  ocHSB.*  ...  A  voluks  BjcooBDnro  thb  bxsults  or  long  sxpbuzkce  ami> 
sTuxnr.**— 7%c  Bn^umr, 

"^UndoaMedly  IBS  nsQt  Ain»  most  nuoncAL  vbsatibs  on  Pomplng  HsoUnery  xbat  uAt 
m  BBKf  PDSLZ8aKi>.  ^'^MifUng  Journal. 

UNDON':  CHARLES  GRIFFIN  ft  CO..  LIMITED,  EXETER  STREET.  STRAKP 
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•ova/  809,  HaiHlBomt  OlvtH,    With  numerout  iUystmthnt  and  Tabht.    Mt. 

THE   STABILITY  OF   SHIPS. 

BY 

SIR  EDWARD  J.   REED,   ILC.B.,  F-RS.,   ILV., 

OnOMT  OP   TKB    mmUAL   OKOBSt    OP   ST.  tTAMILAUt    OP    RUSSIA;    PKAMCIS 

avstxia;  mkdjidis  op  tukkxv;  and  sisino  sum  op  japam;  pic^ 

PRBSmSMT  OP  TKS  INSTITUTION  OP  NATAL  AKCHITNCn. 

"  Sir  Kdwakd  Rssd's  '  Stabilitt  op  Ships  '  U  imtaluablb.    Tbe  Natal 
will  find  broog^  togetoer  and  ready  to  hu  hand,  a  aaaas  of  informatiosi  wbich  he  woald 
wise  have  to  seek  in  an  almost  endleas  Tariety  of  publicationa,  and  soom  of  wUdi  be 
possibly  uoC  be  able  to  obtain  at  all  ebewbere."— 4teMw4^. 


THB  DBSiaN  AND  OONSTBUOTION  OF  SHIPS.     By  Tohr 

Harvard  Bilrs,  M.Inst.N.A.,  Professor  of  NaTal  Architectnie  in  tbe 

UniTcrsity  of  Glasgow.  [Im  4 


Third  Edition.     Illustrated  with  Plates,  Numerous  Diagrams,  and 
Figures  in  the  Text.     i8s.  net 

STEEL    SHIPS! 

THEIB    CONSTBUCTION    AND    MAINTENANCE. 

A  Manual  for  Shipbuilders,  Ship  SuperintendenU,  Students, 
and  Marine  Engineers. 

By  THOMAS  WALTON,  Naval  Architect, 

AUTHOR   OP    "know    YOUR   OWN    SHIP." 

OoNTKNTS.— I.  Manufacture  of  Cast  Iron,  Wrought  Iron,  and  SteeL— Com- 

Position  of  Iron  and  Steel,  (Quality,  Strength,  Testa,  &o.  IL  Claarification  of 
teel  Ships.  III.  Gonsiderationsinmakin^choiceof  Trpe  of  VeneL— Framing 
of  Ships.  IV.  Strains  experienced  by  Ships.— Metnods  of  Compatiiiff  ana 
Comparing  Strengths  of  Ships.  V.  Construction  of  Ships.— AltematiTe  Modes 
of  Construction.— Tyi>es  of  Vessels.— Turret,  Self  Trimmiiig,  and  Tmnk 
Steam ers,  Ac.— Rivets  and  Rivetting,  Workmanship.  VI.  Pumping  Arrange- 
ments, vll.  Maintenance. — Prevention  of  Deterioration  in  tha  HnUs  of 
Ships.— Cement,  Paint,  ftc— Indsx. 

'*  So  thorough  and  weil  written  is  every  chapter  In  tbe  book  that  it  if»  dlfflouH  to  seleci 
any  of  them  as  being  worthy  of  exceptional  praise.  Altoirether,  the  work  is  exoeltoat,  sad 
wlli  prove  of  great  valae  to  those  for  whom  li  is  intended.**— 7^  £»gini$r. 


At  Pbess.    In  Handsome  Cloth.    Very  fully  Illnstratad. 

PRESENT-DAY  SHIPBUILDING. 

For  Shipyard  Students,  Ships'  Ofpcers,  and  Engineers. 

By  THOS.  WALTON, 
Author  of  "Know  Your  Own  Ship." 

Oesbral  CoNTBiiT8.—Cla8sification.— Materials  used  in  Shipbuilding.— 
Alternative  Modes  of  Construction. — Details  of  Constmotion. — ^Franung, 
Plating,  Rivetting,  Stem  Frames,  Twin-Screw  Arrangements,  Water 
Ballast  Arrangements,  Loading  and  Discharging  Qaar,  ftc. — I^pes  of 
Vessels,  inolnaing  Atlantic  Liners,  Cargo  Steamers,  Oil  oanying  Steamers, 
Turret  and  other  Self  Trimming  Steamers,  ftc— Ivdbx. 

lONDON:  CHARLES  eRIFFIN  ft  CO..  LIMITED,  EXETER  STREET.  STRAND. 


NAUTICAL  WOUKS.  i9 

GRIFFIN'S    NAUTICAL    SERIES. 

Editkd    by    EDW.    BLACKMORE, 

Matter  Mariner,  J)nt  Cliwa  Trinity  House  Certlfloate,  Amoo.  luat.  K.A. ; 

AVD  WRxmv,  MAINLY,  by  Sailobs  for  Sailors. 


"This  admulabli  SMRaa."—Fairplay.        '  A  very  usiful  SKROS/'^^ocufv. 
"SvBRY  Ship  ihonld  hare  the  WHOLi  Series  aa  a  Rifbrbrcb  Library.    Havik 
BOIOLY  BOUND,  OLBARLY  PRINTED  and  ILLUSTRATED."— L<«0i7oo<  Jotsm.  qf  Commune. 

The  British  Mereantile  Marine:  An  Historioai  Sketch  or  ita  Kim 

and  Development.    By  the  Bditok,  Capt.  Blaokkorx.    Third  Sditiok.    8k  6d. 

"Captain  Blackmore'asPLBNDlD  BOOK    .    .    .    eon taina  paragraphs  uu  tfvecy  immui 
of  intereat  to  the  Merchant  Marine.    The  243  pages  of  this  book  are  the  most  talu  ■ 
ABUB  to  the  sea  captain  that  have  ever  been  compiled."— Jr«r«ftan<  ServiM  Heni^m, 

Elementary  Seamanship.     By  D.  Wilson-Barkbr,  Master  MAriner, 
r.S.S.E.,  F.K.a.8.    With  numeroui  Plates,  two  in  Golooxa,  and  VroaClsptoee. 
rouRTH  Bdition,  Thoroughly  Revised.    With  additional  lUnstratlons.    6s. 
"This  ADMIRABLE  MANUAL,  by  CAPT.  WiuoN  Barejcr,  uf  the  '  Moroesu>r/  seems 

to  OS  PBRTECTLT  DESIGNED."— jitAeiusutn. 


Know  Your  Own  Ship :  a  Simple  EzpUmation  of  the  SUbility,  Goo- 
stmction,  Tonnage,  and  Freeboard  of  Ships.    By  Thos,  Walton,  Kaval  Architect. 
With  numerona  Illnstratlona  and  additional  Chapters  on  Buoyancy,  Trim,  iBd 
Calculations.    Eighth  Edition.    Ts.  ed. 
"Mr.  Walton's  book  will  be  found  very  usbpul."— 7'Ae  Engineer. 

Naylffation :  Theoretical  and  Praetieai.     By  D.  Wilsox-Babkbk 

and  William  Allinqham.   Second  EDmoN.  Revised.   8s.  6d. 
**PbB018BLY  the  kind  of  work  required  for  the  New  Certificates  of  oompetencft. 
Candidates  wHl  find  it  invaluable."— DundM  Adoertiaer. 

Marine   Meteorology:    For    omeers    of    the   Merchant   Navy.       By 
William  Allinouam,  First  Class  Honours,  Navigation,  Science  and  Art  DepArtmeiik 
With  Illustrations,  Maps,  and  Diagrams,  and  jaetimiU  reproduction  uf  U«  page. 
7b.  6d. 
"Quite  the  best  publication  on  this  subject."— 5Aipjniij  Gazette. 

Latitude  and  Longitude:  How  to  And  them.    By  w.  J.  Millar, 

C.E.    Second  Edition,  Revise  i.    2». 

"Cannot  but  prove  an  nciiulsiilnu  to  thane  stiidylntc  Navigation."— Jfan*9M  ttngineer^ 

Practical  Mechanics  :  Applied  u>  the  requirements  of  the  Sailor. 
By  Tbos.  Mackenzie,  Master  Mariner,  K.R.A.S.  Second  Ri>ition,  Revised.  Ss.  6d. 
**  Well  worth  the  money  .    .    .  exobbdinolt  hklpful."— dAijipJfiy  Worid. 

Trigonometry :  For  the  Younir  Sailor,  &o.     By  Rich.  G.  Buck,  of  the 
fliames  Nautical  Training  College,  H.M.S.  **  Worcester."    Third  Edition,  Bevlaed. 
Price8s.6d. 
*'This  EMINENTLY  PRACTICAL  and  reliable  volume  "—Sckoolmaeter. 

Praetieai  Algebra.     By  Kich.  C.  Buck.     Companion  Volume  to  the 
above,  for  SaUora  and  others.    .Skcond  Edition,  Revised.    Price  3s.  Od. 
"It  Is  JUST  THE  book  for  the young sailor  mlndlul  uf  progress."— AatUtocU  Mt^euini. 

The  Legal  Duties  of  Shipmasters.    By  Brnkdict  Wm.  Giicsbitbo, 

M.A.,  LL.D.,  of  the  Inner  Temple  and  Northern  Circuit:  Barrist«r-at-Law.    SBOOBB 

Edition,  Thoroughly  Revised  and  Enlarged.    Price  4s.  6d. 

"  INTALUABLE  to  masters.    .    .    .    W"  can  fully  recommend  it."— £M|v<fv  OuMts. 


A  Medieal  and  Surgical  Help  for  Shipmasters.   Inoludiiig  Fmt 

Aid  at  Sea.    By  Wm.  Johnson  Smith,  F.R.C.8.,  Prtnoipal  Medical  Officer,  Seamea's 
Hospital,  Oreenwich.    Third  Edition,  Thoroughly  Revised.    6s. 
"Bound,  judioious,  really  helpful."— 2'Ae  Laneet. 

LONDON:  CHARLES  GRIFFIN  ft  CO.,  LIMITED,  EXETER  STREET,  STRAND. 
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GRIFFINS  NAUTICAL  BERIgS, 

Introductory  Volume.     Price  Ss»  6d, 

THE 

British  Mercantile  Marine. 

By  EDWARD   BLACKMORE, 

MASTBR  MAUmit;  ASSOCIATB  OP  THB  INSTmmON  OP  NAVAL  ARCRRaCTSj 
MBUBBR  OP  THB  IW&'lilTJUOW  OF  BNGIMKBRS  AlfD  SHIPBUXLiyBBS 
IN  SCOTLAND ;  EDITOR  OP  GRIFFIN'S  **NAtmCAI.  I 


GnoRAL  CoMTmras.— HiSTOBiCAL :  From  Eariy  Times  to  148S-*Fkt«n« 
onder  Henry  VIII.— To  Deftih  of  Mary— Duxingr  Elizabeth's  Reign— T^  to 
the  Beign  of  William  in.— The  18th  and  19th  Centnrics— Instatotim  el 
Shcaminations  —  Bise  and  Progress  of  Stesm  Propolnon  —  DeyelonKBest  of 
Free  Trade— Shipping  Legidation.  1862  to  1875— '*  Looksley  Hall^  Oase— 
Shiinnasters'  Societies— Loading  of  Ships— Shipfping  Legislation,  1884  to  1894— 
Statistics  of  Shipping:  Thx  Pebsonnel  :  Shipowners— Officere-Marincri 
Duties  and  Present  Position.  Education:  A  Seaman's  Education:  what  h 
should  be— Present  Means  of  Education— Hints.  DiRclPLnn  asd  Di7T7— 
Postscript— The  Serious  Decrease  in  the  Number  of  British  Seamen,  a  Matter 
demanding  the  Attention  of  the  Nation. 

"iHTBBBSToro  snd  braxBUcnvB    .    .    .    may  be  read  with  propit  and  waxmaanT- 

'SOW  SttnUL 

'^XVBT  BBAVON  of  tbs  mbjeot  is  dealt  with  tn  a  way  whleh  shows  that  tke  wiftsr 
*  knows  the  ropes*  famiUariy"— jfeofjman, 

•*Thls  ADioBABui  book  .  .  .  TBBVt  With  Dasful  infoniiatioB>^8hoohl  be  la  the 
hands  of  every  SsUor.*'— IF<i<<ra  Momittg  Newt. 


Fourth  Edition,  Thorougldy  Revised.     Willi  Additimud 
lllvstraiions.     Price  68, 

ELEMENTARY    SEAMANSHIP. 

BT 

D.  WILSON-BARKER,  Mastib  Mariner;  F.R.S.E.,  F.R.G.S.,  Aa,  &c. 

TOVHOEB  BROTHER  OF  THB  TEINITT  HOUSE. 

With  FrontiBpieoe,  Numerous  Plates  (Two  in  Colours),  and  lUnatrationa 
in  the  Text. 

General  Oohtentb.— The  Building  of  a  Ship;  Parts  of  HuIL  Mast^ 
to.— Bopes,  Knots.  Splicing,  ftc  — Gear,  Lead  and  Log,  ^bo.  — BnmDg, 
vnchors— Sailmakmg- The  Sails,  &c.— Handling  of  Boats  under  Sin}  — 
-signals  and  Signalling— Rule  of  th^  Road— Keeping  and  Relieving  Watch— 
i:'oiBti  Sii  Etiquette— Glossary  of  Sea  Teims  and  rhiases— Index, 
•ft*  The  Tolimie  contains  the  axw  sous  op  ihx  aoin. 

**Tliis  ADimuBLB  XAiniAi..  by  Oapt.  Wnsoir-BABaBR  of  the  'Woresstar/  sessBs  to  as 
iassaSH.1  lyssiowaix  sad  holds  Its  piaee  ezoeUenUT  in  '  Qaovni's  Namoax.  ftnoaa*  .  .  . 
Although  intended  for  those  who  are  to  beoome  Offlowi  of  the  Herohant  Navy,  it  wiU  be 
fesBSd  wssfat^  aia  tap— aai.*'««a<*«MWrta. 

•«*yoreomplste  list  of  Gaimi's  NjranQ4C  Anna  see  p.  88. 

^tBmDN:  OHARLES  GRIFFIN  d  CO.,  LIMITED.  EXETER  STREET,  STRAND. 
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GRlFtiys  KAtTflCAL  SERIB8. 

Second  Edition,  Eevued  and  Illustraied.     Price  $•.  6d. 

NAVIOATION: 

By  DAVID  WILSON-BARKER,  RN.R,  F.R.S.E.,  Ac..  Ac, 

AND 

WILLIAM  ALLINGHAM, 

fnUO-CLASS  BONOVBS,  HAVIGATION,  SOIVNOl  Ain>  ART  DXPAXmnTT. 

Vlftb  'flumerou0  ^Uudtrations  and  Biamlnaticn  <ftue0tfeii0» 

GnnntAL  CoNTzirrs.—Defimtioii8— Latitude  and  Longitade— IxiBtrmnentB 
of  Navigation— Correction  of  Courses— Plane  Sailing— Traverse  Sailing— Day's 
Work  —  Parallel  Sailing  —  Middle  Latitude  Sailing  —  Mercator's  Chart-- 
Mercator  Sailing— Current  Sailing— Position  by  Bearizigs— Great  Circle  Sailing 
— ^The  Tidea— Questions — Appendix :  Compass  Errors— Numerous  XTseful  Hints, 
fta— Index. 

"  PBaomLT  the  kind  of  work  required  for  the  New  Oertlflcatea  of  oompetanoy  In  pades 
from  Second  Mate  to  extra  Master.    .    .    .    CandldateB  will  find  ft  iHVAX.?ABLx."~2>«fid(M 

*A  OAPRAL  unu  BOOK    .   .    .    Specially  adapted  to  the  New  BxamlnationB.   Hie 
B  Oapt.  WnjKMf-aiBKXE  (Csptsiii-SaperimendeBt  of  the  Nautical  OoUefS,  HJl.S. 


*  Worcester/  who  has  had  great  experience  in  the  highest  prohlems  of  Navlgraoa),  and 
Mb.  ArriwawAM,  a  well-kDowQ  writer  on  the  Science  of  Navigatton  and  Nautical  Astronomy." 
— AM^ppfs^  World. 


Handsome  Oioth,    Fully  Ultutraled.    Price  7«.  6d, 

MARINE    METEOROLOGY, 

FOB  OFFICEBS  OF  THE  MERCHANT  NAVT. 
Bt  WILLIAM  ALLINGHAM, 

Joint  Author  of  "Navigation,  Theoretical  and  Practical." 

With  numerous  Plates,  Maps,  Diagrams,  and  Illustrations,  and  a  facsimile 
Reproduction  of  a  Page  from  an  actual  Meteorological  Log-Book. 

8X7M1CARY  OF  OONTENT8. 

iHTBonvcTORT.^Instmments  XTsed  at  Sea  for  Meteorological  Purposes.— Meteoro* 
logical  log-BookB.— Atmospheric  Pressure.— Air  Temperatures.— Sea  Temperatures.— 
Winds.— wind  force  Scales.— History  of  the  Law  of  Storms.— Hurricanes,  Sessons,  and 
Storm  Tracks.— Solution  of  the  Cyclone  Problem.— Ocean  Currents.— Icebern.—6yn> 
chroDOW  Charts.- I>ew,  Mists,  Fogs,  and  Haxe.- Clouds.— Kain,  Snow,  and  Hail.— 
Mliife,  Jtalnbows,  Coronss,  Halos,  and  Meteors.— Lightning,  Corposants,  and  Auoias.— 

<)0BRIOWk— APPIMMX.— INDSX. 

'*<Mle  the  BtsT  publication,  avb  certainly  the  most  ivnaismiG,  en  tMs  su^fstt  erer 
ttteseuted  to  Naatieal  men."— Shipping  Oaattte. 

*,*  For  C«mpl«te  List  of  Griffin's  Nautioal  Smbcm,  ne  p.  99. 
UmDON:  CHARLES  GRIFFIN  i  CO..  LIMITED.  EXETER  STREET.  STRMIO. 


«•  OBABLMH  GMirrijr  A  0O.V  PVBLtOATIOn. 

QBIFFnrS   WAUnCAL  SERIES. 

SiooND  Edition,  Revised.     With  Nnmeroiu  Illnstratioos.    Price  St.  6d. 

Practical  Mechanics: 

Applied  to  the  Beqiiiremeiits  of  the  Sailor. 
By    THOS.    MACKENZIE, 

MasUr  MiaHntr,  F.ILA,S. 
QwKMRAL  Cohtentsl— Resolation  and  Composition  of  Foiocs— Woik  done 
br  BCftohineB  aad  living  Agents— The  Meohamcal  Powers:  The  Lever; 
Ilenioks  as  Bent  Leven— The  Wheel  and  Axle :  Windlass ;  Ship's  Oapakan ; 
Grab  Winch— Tackles :  the  "Old  Man**— The  Inclined  Plane;  the  8craw— 
The  Centre  of  Grayity  of  a  Ship  and  Cargo  —  Relative  Strength  of  Bope : 
Steel  Wire,  Manilla^  Memp,  Coi]>-DerTiGk8  and  Shears— Calcnlatioii  d  the 
Cross -breaking  Strain  of  Fir  Spar — Centre  of  Effort  of  Sails — Hydrostatics: 
the  Diving-bell ;  Stability  of  Floating  Bodies ;  the  Ship's  PmnpL  &a 

'*  This  xxcellent  book  .  •  .  contains  a  lasob  amofnt  of  infoniialkB." 
^Nature. 

"  Well  worth  the  money  .  .  .  will  be  found  xxokedinolt  helptoIi.''— 
Shipping  World, 

*'Ko  Ships'  OrFiOKES'  bookcase  will  henceforth  be  complete  wxthoat 
Oaftaik  Mackenzie's  '  Pkaotical  MECHAinaB. '  Notwithstanding  my  many 
▼ears'  experience  at  sea,  it  has  told  me  how  mtteh  more  there  i$  to  oe^iilraL''— 
{Letter  to  the  Publishers  from  a  Master  Mariner). 

**  I  must  express  my  thanks  to  yon  for  the  labour  and  care  yon  have  tike» 
in  'PRAcncAL  Mechanics.'   .    .    .    It  is  a  life's  kxperiengb.    .    . 
What  an  amount  we  frequently  see  wasted  by  rissing  purchases  without  reaaoB 
and  accidents  to  spars,  &c.,  &c. !    'Practical  Mechanics  '  would  bate  all 
THia" — (Letter  to  the  Author  from  another  Master  Mariner). 


WORKS  BY  RICHARD  G.  BUCK, 

ofth*  TbuDM  Mrattoia  IMaiac  OoUtf^  BJLB. '  WotowMr.' 

A  Manual  of  Trigonometry: 

with  Diagrams,  Examples,  and  Exercises.    Price  8s.  6d. 

Third  Edition,  Revised  and  Corrected. 
*«*  Mr.  Buck's  Text-Book  has  been  sfeoiallt  pbbpabbd  with  a  riev  I 

to  the  New  Examinations  of  the  Board  of  Trade,  in  which  Trigonometiy 
is  an  obligatory  subject.  , 

**Thlt  nranaiTLT  rRAoncAL  and  suiabls  ▼oi.Diis."~iScAoo/mMf it.  | 

A  Manual  of  Algebra.  . 

Designed  to  meet  the  Requirements  of  Sailors  and  others.  ' 

Second  Edition,  Revised.    Price  3s.  6d. 

%*  These  elementary  works  on  alosbiu  and  tbioowokbtbt  are  writfea  tpedally  r«r 
those  who  will  have  lUtle  opportnnity  of  conaofthig  a  Teacher.   They  are  books  for  "ssus  ' 

HSLP.**  All  bat  the  sbnpleat  exr*%natioiis  nave.  thereTors,  beeo  avoided,  sod  Aaswnss  ts 
the  Bserolsee  are  given.    Any  pei  ••on  may  readily,  by  oaiefal  stadv.  beeome  master  eC  thai'  i 

eontents,  and  thai  lay  the  foundation  for  a  farther  mathematical  coarse.  If  desired.  It  is 
hoped  that  to  the  voosger  Oflloers  of  oar  Mercantile  Marine  th«»y  will  be  fonnd  desldsdiy 
servioeable.  The  Szamples  and  Exercises  are  taken  from  the  Kvamlnatton  Pspen  sH  for 
the  Cadets  of  the  '*  Worcester.*' 

"Clearly  anaaged,  and  weU  got  op.       .    .   A  flnl-rate  JDmsntary  AlgVhnk  « 
MautiMl  Magatine, 

\*  For  complete  list  of  Qagmr's  KAuncAL  Ssaas.  see  ix  8». 
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GRnrnrs  yAuncAL  series. 

Second  Edition,  Thoroughly  Reviaed  ana  Extended.    In  Crown  8vo. 
Handsome  Cloth.    Price  4s.  6d. 

THE  LEGAL  DUTIES  OF  SHIPMASTERS. 

VI 

BENEDICT  WM.  GINSBURG,  M.A.,  LL.D.  (Cahtab.), 

Of  the  Inner  Temple  and  Northern  Circnit;  Barrister-et-Law. 

General  Contents.— The  Qnallflcatlon  for  the  Position  of  Shipmaster— The  Con- 
tract with  the  Shipowner— The  Master's  Dnty  In  respect  of  the  Crew :  Engaaement ; 
Apmntices;  Discipline;  Provisions,  Accommodation,  and  Medical  ComforU ;  faynient 
of  wages  and  DLMsharse— The  Master's  Datjr  In  respect  of  the  Passengers— The  Master's 
Financial  Responsibilities— The  Master's  Duty  in  respect  of  the  Cargo— The  MaaMr's 
Dntj  in  Case  of  Casoal^— The  Master's  Dnty  to  certain  Pnblic  Authorities— The 
Master's  Dnty  In  relation  to  Pilots,  Signals,  Flais,  and  Light  Dnes— The  Master's  Dnty 
apon  AtTiraJ  at  the  Port  of  Discharge— Appendices  relative  to  certain  Legal  Matters : 
Board  of  Ttade  Certificates,  Dietary  Scales,  Stowage  of  Grain  Cargoes,  Load  line  Beguia- 
tlons,  Life-saving  Appliances,  Carriage  of  Cattle  at  Sea,  Ac.,  Ac— Copiooa  Index. 

"•  No  InteUlgent  Master  should  fail  to  add  this  to  his  list  of  necessary  books.  A  few  Hnes 
of  it  may  aava  ▲  lawtbx's  fbb,  bssidks  utdliss  wokbt. '*—ZiMrpool  Journal  of  Commerce, 

"SnsxBLB,  plainly  written,  in  olbak  and  vox-noBiixcAL  lavodaqs,  and  will  be  ftmod  of 
KUCHesaviaB  by  the  Shipmaster."— A-ituA  Trade  Review. 


Second  Edition,  Revised.     With  Diagrams.     Price  28. 

Latitude  and  Longitude: 

to    Find    tlnem. 


By   W.  J.   MILLAR,  C.E., 

Late  8eeretarf  to  the  Inet  of  Bngimen  and  SMpMldere  ta  aeoUaad. 
**  CONOisiLT  and  clxablt  wbiitjen  .    .   .    cannot  bnt  prove  an  aoqnisition 
to  those  stacking  Navigation."— if arine  Engineer. 

*'  Yoong  Seamen  will  find  it  handt  and  nsxFUL,  simpls  and  oliab."- T%« 

FiRST  AID   AT  SEA. 

Thikd  Edition,  Revised.    With  Coloured  Plates  and  Numerous  Illustra- 
tions, and  oomprising  the  latest  Regulations  Respecting  the  Carriage 
of  Medioal  Stores  on  Board  Ship.     Price  6s. 

A  MEDICAL  AND  SURGICAL  HELP 

FOR  SHIPMASTERS  AND  OFFICERS 

iN   THE  MERGHANT  NAVY. 

By     WM.      JOHNSON     SMITH,    P.It.O.S., 

Principal  Medical  Offloer,  Seamen's  Hospital,  Qreenwicfa. 

%*  Tbe  attention  of  all  interested  in  oar  Merobaat  Navy  is  reqaeated  to  this  esc««dtsely 
aaefol  and  valuable  work.  It  is  needless  to  say  that  it  is  the  ontoome  of  many  years 
nuoncAL  axpsBOBCB  amongst  Seamen. 

'*80Uai>,  JVDIOIOUB,  EBALLT  HBUVUL."— 2^  ZoiMlf. 

*«*  For  Complete  List  of  QBirnir's  Nautical  Sbbiss,  see  p.  .19 
LONDON:  CHARLES  GRIFFIN  ft  CO.,  LIMITED.  EXETER  STREET,  STRAKU. 
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ORTFFIir^S  NAUTICAL  8EBDBS, 

Eighth  Eimov.   Rmnsed,  %oUh  GhapUrt  on  Trmt  Buoyem^^  and  Caletiia- 
tioM,  Numerous  IllnstrtUums,  Bandsome  Cloth,  Crown'Svo,  Price  7«.  €d, 

KNOW   YOUR    OWN    SHIP. 

By  THOMAS  WALTON,  Naval  AaciuTicr. 

SpeoicUty  armnged  to  suit  the  requirementa  of  Shlpa'  OjghBfs,  Shipowne^^ 
Superintendents,  Draughtsmen,  Engineers,  and  Others, 


This  work  explains,  in  a  simple  manner,  such  important  subjects  as:— C  _ 
— Dendw^ght.— Tonnage.— Freeboaxd.—  Moments. — Buoyancy.—  Strain.— Stmctnns.- 
8tability.—BoUtng.—BaUa8ttng.— Loading.— thifting  Cargoes.— Admiarion  of  Water.— 
Sail  Area.— Jtc. 

"The  littla  book  will  be  found  bxcbrdisglt  HAVor  by  mo»t  offiooraand  oOciala  oonneetot 
with  shipping.  .  .  .  )Ir.  Walton's  work  will  obtain  lastixo  srccbH*.  beusiue  of  iu  aanvBe 
fitness  for  those  for  whom  it  has  1>een  writteD."— <SAipj>/iia  Ji'oiiil. 


BX   TUB    BAHa   AimiyBk 

Sted  SMps:  Tlielf  GoiBtractios  and  IMniMe. 


(See  page  38.) 


FiPTEJBKTH  Edition,  Tltoro%igldy  Revised,  Orealiy  Enlarged^  and  Re*et 
nrowjiiouL  Large  Svo,  Cloth,  pp,  i-xxiv  +  7US.  With  280  lUastra- 
tionSj  reduced  Jrom  Working  Drawings,  ana  8  Plates.     21s.  net. 

A    MANUAL    OF 

MARINE   ENGINEERING: 

COMPRISIKO  THE  DESIGNING,  CONSTRUCTION,  AND 
WORKING  OP  MARINE  MACHINERY. 

^7  A.E.  SBATON,  M.LC.E.,  M.I.Heeh.B,,  K.LN.A. 

Gbnbbal  Contents.  —  Part  I.-~Prinaiplea  of  Mjurine  PropnUioD. 
Pabt  II. —  Principles  of  Steam  Engineering.  Part  III. — Details  of 
Marine  Engines  :  Design  and  Calcnlations  for  Cylinders,  PistoiiB,  Valves^ 
Expansion  Valves,  &c.  Part  IV.— Propellers.  Part  V. — Boilers. 
Part  VI. — ^Misoellaneoas. 

"  The  Student,  Draughtsman,  and  Engineer  wai  find  this  work  tl|e  MOn  taloabli 
H  audsook  of  R^fannoe  on  the  Marine  EDgioe  now  in  ezifl<Aot.''^JfoiiM  Xmgimttr, 

l!:u:HTH  EDmov,  Thoronghly  Revised.    Pocket-SiaB»  Leettar.    Ss.  6d* 

jl  pocket-book  or 

M^ifi  EMIN££RIMG  RULES  m  TABLES, 

miinSB  U8B  OF 

Marine  Boglneen.  naml  Arohiteets,  Deslmen^  QraiiglitniMiw 
Saperintendeiits  and  Otness. 

By  A.  &  SSATON,  M.LO.K,  M.I.Meoh.E.,  M.LN.A, 

AND 

H.  M.  ROTJNTHWAITB,  M.LMech.E.,  IKLLlf.A. 

"ADMtaABLY  FtTLyiLs  its  porpose.'*'-ArsrMtf  Et^gm^tr. 

leNDON:  CMMLEa  QRIPFIN  a  CO.,  UNITED,  EXETER  STREET,  STRAND. 


jmaiJTgwBiira  and  mbohanicsl  a^ 

WORKS  BT  PROP.  ROBERT  H.  SMITH,  Assoe;KJ.C.EM 

M J  M;F. ,  IIIJXX.,  M.LMta.F..,  Whit  8ch^  M-OrLUUJ]. 

THE    CALCULUS    FOR    ENGINEERS 

AND    PHYSICISTS, 

Applied  to.  Teclmieal  Problems^. 

WITH  XZTEireiVE 

OIiASSIFIED  BSrFEB£]a:CS  UST  OF  rBTTlBBRATjS, 
By  PROP.  ROBERT  H.  SMITH. 

iUUUTXD  BT 

R    P.    MUIRHEAD,    M.A.,    B.Sa, 

WormKlj  Olttk  Fellow  of  QUagow  nnlTonity,  and  I^eotanr.on  Matbanftfelot  t 
Maaon  OoUogti 

In  Crown  8vo,  extra,  vnth  Diagrams  and  FoUting'Plate,     8b.  6dL 

**  Peoi.  R.  H.  SiRfH's  book  will  b«  aerrfeeaMB  In  rendering  o  hard  load  as  xabt  a»  nuLcnc- 
▲vu  for  the  n^^n-mnthtiBattrm!  DtwidMiti  and  "RntlBtttwr " — Athrnrnm, 

*'  Interestinr  diagnma,  with  praoUeal  illnatrations  of  actual  occnrrenoab  are  to  be  found  hon 
in  abondance.    Thb  tbkt  courtxtw  CLASsinsD  kbvbkbvcb  vIbli  will  prore  rery  naofU  ' 
aaring  the  tine  of  tboae  who  want  an  integral  in  a  hxaryS—Tlu  "    ' 


MEASUREMENT    CONVERSIONS 

(English    and    French): 

28   GRAPHIC   TABLES   OB   DIAORAMS. 

Showing  at  a  glance  the  Mutual  Convebsion  of  Msasubxhbbiw 
'  in  Ddtebsmt  Units 

Of  TJm9»ki  Aseaik  Volums*,!  VMigtats,.  StrwaM^  Iieiuitl«h  .QHmiIIUcs 

of  Work,  Homo  Powsn,  TemperatoreB,  dvo. 

fdr  tA»  U99-  of  BngifMm^,  Suneifom,  Attklttots,  mnd  Contmetor§»- 

In  4t0y  BoardB.     78.  6d. 

*«*  Prof.  Smith's  Corvkxsion-Tablxs  form  the  motl  unique  and  oom- 

prahensive  ooUection  ever  plaoed  before  the  profession.    By  their  vm»  mnoh 

time  and  labour  will  be  saved,  and  the  chances  of  error  in  oalonlrtiiMi 

diminished.     It  is  believed  that  henceforth  no  Engineer's  Office  will  be 

ooosidered  coinpUte  wittieat  them. 

*'  Aof.  Smith  deaerrea  tho  hearty  thanka,  not  onlj  of  the  ElranrnB,  hut  of  the  OMufSMUi 
WoBU,  for  having  aaaoothed  the  way  for  the  Asomoir  of  the  Mkeio  Stbtim  of  MsABUumm. 
a  acbjeet  whleh  fi  now  aaanmlng  great  Importanoe  aa  a  factor  in  maintaining  oar  hou»  upon 
»OUiair  nAni."— Tk«  MaeMntrw  MatrktL 


Pocket  Size,  Leather  Limpnwitb  GttI  Edges  and  Rounded  Ck>mer8^  printed  on  Special 
Thin  -FAper»  witti  lOasittitioiMj  pp.  1-xli + 891.    Prloe  iSa.  net. 

(THE    NEW    "NYSTROM") 

THE    MEOHANiCAL    ENGINEER'S   REFERENCE    BOOK 

A  Handbook  of  Tables,  Formvltf  and  Methods  for  Engineers, 
Stvdenis  and  Draughtsmen, 

Br  HENRY  HARRISON  SX7PLEE,  B.Sc.,  M.R 

"  We  feel  anre  it  will  be  of  great  aervioe  to  mechanical  engineew.*— JffwgJwgaKiiy. 

L0IIDOI:  CRMILES  eRIFRN  ft  CO.,  LIMITED,  EXETER  STREET, 


^  CHARLES  GRIFFIN  S  CO.'S  PUBLICATIONS. 

Second  Edition.    In  Large  <)vo.    Handsome  Cloth.     16e. 

CHEMISTRY    FOR    ENGINEERS. 

BERTRAM  BLOQNT,      and  A.  G.  BLOXAM, 

F.LO..  F.O.8.,  A.LC.E.  F.LC,  F.C.8. 

OBKBRAL  CONTBirTS.— IntrodnetloA— Cbemlitry  of  tlto  COilcr  lUftvfali 
of  OonstruoUon— Sources  of  Energy— ^niemlitry  of  Stoam-ralstng— Chanii- 
try  of  Lnlirleatlon  and  Lubrlcanta— Metallnrgleal  Prooawoa  naod  la  tlM 
Winning  and  Manufacture  of  Metals. 

**Tl>e  MiUiora  have  bcockcdsd  beyond  all  expeeUtlon,  and  have  prodnoed  a  work  wtildl 
•mmld  gkft  FBXSH  powsa  to  the  Eoffineer  and  ManafiMtarer.*'— f%e  ffaMc 

Vor  Companion  Volume  by  the  same  Authors,  see  "Chkmistat 
FOR  Manufacturers,''  p.  71. 

At  Press.     In  Handsome  Cloth.     With  about  60  Illustrations. 

THE   ELEMENTS   OF   CHEMICAL   ENGINEERINa 

By  J.  GROSSMANN,  M.A..  PhlD.,  F.LC, 
Chemical  Engineer  and  Consillting  Chemist. 

WITH  A  PRErACE  BY 

Sir   WILLIAM    RAMSAY,    K.C.B.,    F.R.S. 

CONTKKTS.— The  Beaker  and  its  Technical  Equivalents.— Dlstillinir  Flasks,  Liebig'i 
Condensers.— KractiouaUng  Tubes  and  their  TechnicMl  Equivalents.— The  Air-£«th  and 
ta  Technical  Equivalent*.— The  Blowpipe  nnd  Crucible  and  their  Technical  Equivalents. 
—The  Steam  Boiler  ami  other  Sources  of  Power.— General  Remaiks  on  the  Appllcatioa 
nf  Heat  in  Clieniical  EnprineerinK.— The  Funnel  and  it«  Technical  Equivalents.— The 
Mortar  and  its  Technical  Equivalents.— Measuring  Tnstrumenis  and  their  Technical 
Kquivalents.— Materials  U«ed  in  Chemical  Engineering  and  their  &lode  of  Appllcatiou.— 
Technical  Rcscnrch  and  the  Designing  of  Plant.— Conclusion.— Chemicals  and  Materials. 

-  IKDKX.  

Works  by  WALTEi~R,  BROWNE,  M.A-,  M.ImslC.E. 

THE    STU  DENT'S    MECHANICS: 

An  Introdttction  to  the  Stuoy  of  Force  and  Motion. 

With  Diasittm&    Crown  Svo,    Clothe  4s.  6d. 

"  Clear  in  style  and  practical  in  method,  'Thb  SruDnn'a  BfBCMAiiiCi'  it  oordiaDy  so  be 
veconuaended  from  ail  points  of  view.'*— ^/A#iMnm». 


FOUNDATIONS    OF    MECHANICS. 

Papen  reprinted  irom  the  Enginter,     In  Crown  Sto,  !•• 
Demy  8vq,  with  Numerous  Illustrations,  9s. 

FUEL   AND   WATER: 

A   Manual  for  Users   of  Steam  and  Water. 
By   Pbop.    FRANZ   SCHWACKHOFER  op  Vienna,  and 

WALTER  R.   BkOWNE,   M.A,,  CE. 

Gbnbsal  CoMTSNTb.— Heat  and  Combustioo— Fuel,  Varieties  of— Flrtitc  Arrangeaeats: 
Fumacei    Flues,    Chimney— The    Boiler,   Choice  of— Varieties— Feed-water    taeatoi 
Steam  Pipes    Water?  Composition,  Purificatioa— Preveatioa  of  Scale,  ftc,  See 

**TIm  Section  on  Heat  is  one  of  the  best  and  moat  ludd  ever  vrittan.'*-^vMMr. 

UU0N:  CHARLES  GRiFFIN  ft  CO..  LIMITED,  EXETER  STREET,  STRANa 
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CBIFFIN'8   LOCAL   COVERMMENT   HAMDB00K8, 

WOEKS  SUITABLE  FOE  MUNICIPAL  AND  COUNTV  ENOINEKES, 
ANALYSTS,  AND  OTHEHS. 

See  also  Darles'  Hygiene,  p.  90,  and  MacLeod's  Calexdation$t  p.  110. 

Gas  Manufacture  (The  Chemistry  of).    A  Handbook  on  the  Pro- 

dnction.  Purification,  and  Testing  of  Illuminating  Gas,  and  the  Assay  of  Bye-Pro- 
ducts. By  W.  J.  A.  BUTTBRFIKLD,  M.A.,  F.I.C.,  F.C.8.  With  Illustrations.  THIRD 
BDmON,  Serised.    Vol.  I.,  7s.  6d.  net.    Vol.  IL,  in  preparati<m.  [See page  77 

Water  Supply :  A  Practical  Treatise  on  the  Selection  of  Sources  and  the 

Distribution  of  Water.  By  Bbqihald  £.  Middleton,  M.Inst.C.E.,  M.InstMech.E., 
F.S.I.   With  Numerous  Plates  and  Diagrams.    Crown  8vo.   8s.  6d.  net.  [See  page  77. 

Central  Electrical  Stations :  Their  Design,  Organisation,  and  Manage- 
ment. ByC.H.WoRDiHOHAM,A.K.C.,M.I.C.E.  SECOND  Edition.  248.net.  [See  p.  48. 

Sewage  Disposal  Works  :  A  Guide  to  the  Constraction  of  Works  for 
the  Prevention  of  the  Pollution  by  Sewage  of  Elvers  and  Estuaries.  By  W.  Santo 
Crimp,  M.Inst.C.E.,  F.G.S.  Sboond  Edition,  Eevised  and  Enlarged.  Large  8vo, 
Handsome  Cloth.    With  87  Plates.    Price  SOs.  [See  page  76. 

Trades'  Waste  :  Its  Treatment  and  Utilisation,  with  Special  Reference 
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*,*  Dr.  Phipson's  work  presents,  amidst  much  which  is  of  interest  to  the 
Scientist  and  the  General  Reader  alike,  a  short  risumi  of  his  discaveiy  of  the 
origin  of  Atmospheric  Oxygen,  the  existence  of  which  he  attributes  wholly  to 
the  action  of  Solar  Radiation  upon  vegetable  life.  The  book  will  be  found 
replete  with  much  that  is  new,  curious,  and  interesting,  both  in  connection  with 
Weather  Lore,  and  with  Scientific  Meteorology. — Publisher's  Note. 

^  The  book  Bhoald  prove  of  interest  to  genend  readers,  as  well  as  to  meteorologtstB 
and  otlieT  atndents  of  science.'*— A'o/Krc. 


By  GSENVILLE  A.  J.  COLE.  H.R.LA.,  F.G.Sn 

Pn>feseor  of  Gcobgy  in  the  Royal  Colleice  of  Science  for  Ireland,  and  Examiner  in  the 
University  of  London. 

See  also  the  two  following  pages  (54,  55),  and  page  85. 

A.IDS    IN 

PRACTICAL    GEOLOGY: 

UriTH  A   SECTION  ON  PALjSONTOLOGY. 

By  professor  GRENVILLE  COLE,  M.R.LA.,  F.G.S. 

Fifth  Edition,  Thoroughly  Revised.      With  Frontispiece  and 
Illustrations.    Cloth. 


OBNERAL    CONTBNTa— 
PART     I.— Sampling  op  the  Earth's  Crust. 

PART     II.—EXAMINATION    OP    MINERALS. 
PART  IIL^EXAMINATION  OP  ROCKS. 
PART    rV.—EXAMINATlON  OP  FOSSILS. 

"PkDi.  Cole  treats  of  the  examination  of  minerals  and  rocks  in  a  way  that  has  new 
been  attempted  before  .  .  .  dbsbrving  op  thb  hichbst  praisb.  Here  indeed  are 
'Aids'  INNUMKRABLB  and  INVALUABLB.  All  the  direcdons  are  given  with  the  utmost  dear- 
tteas  and  predsion.*— ^/Aefftfaaw. 

"That  the  work  deserves  its  title,  that  it  is  full  of  'Aids/ and  in  the  Ucfaett  degree 
'  ^ucnGA^'  wiU  be  the  v«rdia  of  aU  who  use  it'-^iVk^wyv. 

"  TUs  sxcKLLKNT  Manual  ...  will  be  A  VKRV  OKBAT  MBLP.  .  .  .  Ttk»  Mdna 
on  the  Sxaminadon  of  Fossils  is  probably  the  best  of  its  kind  yet  published.  .  .  .  Fmj. 
•f  weOr^etted  infonnation  boa,  the  newest  sources  and  from  penooal  resaMch.''-^iwM/j 

LONDON:  CHARLES  GRIFFIN  &  CO..  LIMiTED.  EXETER  STREET.  BTRMIO 


54  CHARLES  QRIFFIN  df  CO.'S  PUBLICATIONS. 

GRirriN^S  "NEW  LAND^^  SERIES. 

Practiced  Hand-Booka  for  tlie  Use  of  Prospectors^  Explorera^ 

SeUiera,  Ooloniats,  and  all  Interested  in  the  opening 

up  and  Development  of  New  Lands, 

Edited  by  GRENVILLE  A,  J.  COLE,  M.R.I.A..  F.G.S., 

ProfeMor  of  Geology  in  the  Boyal  College  of  Science  for  Ireland,  and 
the  University  of  liondon. 


In  Croum  8ro.     Handsome  Cloth.     54. 
Witk  Numerous  Maps  Specially  Drawn  find  ExectUed  for  this  Worh, 

NEW     LANDS; 

THEIB    BESOUBGES    AKD    FBOSFECTIVS 
ADVANTAGES. 

By  HUGH  ROBERT  MILL,  D.Sa,  LL.D.,  P.R.S.R. 

Introduotoby.— The  Development  of  New  Lands.— The  Dominion  \of 
Canftda.  —  Canada,  Eastern  Provinces.  —  Canada,  Western  ProvinoeB  and 
Territories.— Newfoundland.— The  United  States.— Latin  America,  Mexico.— 
Latin  America,  Temperate  Brazil  and  Chili. — ^Latin  America,  Argentina. — 
The  Falkland  Islands.— Victoria.— New  South  Wales.— Queensland.— South 
Australia.— Tasmania.— Western  Australia.— New  Zealana.— The  Reaomces 
of  South  Africa.— Southern  Rhodesia.- Index. 

'*PAIN8TAKIirO     .     .     .     OOMPLBTB     .      .     .     Of  fTTOat  TRACTIOAL  AtSISTAKOS."— f^S /ifcM. 

'*A  want  admirably  supplied.  .  .  .  Baa  the  advantage  of  being  written  by  a  pco- 
f eased  Qtogxti.pher.*' —Gtographical  Journal. 


With  many  Engravings  and  Photographs.    Handsome  Cloth,  4s.  $d.'/ 
By   ROBERT   BRUOE, 

Agricaltnral  SaiMrintendent  to  tho  Royal  Dublin  Society. 

With  Appendix  on  Preserved  Foods  by  C.  A.  Mitchell,  B.A,  F.LC. 

Gbnbbal  Contents.— Climate  and  Soil— Drainage  and  Rotation*  of 
Grope — Seeds  and  Crops — Vegetables  and  Fmits— Cattle  and  Cafetk- 
Breeding — Sheep  and  Sheep  Rearing— Pigs— Ponltry— Horses— The  Dairy 
— The  Farmer's  Implements — The  Settler's  Home. 

"  B&XSILXS  WITH  INFORMATION."— ^ormert*  GazetU. 

"  The  work  ia  one  which  wlU  appeal  to  those  intendinsr  to  beooms  farmers  at  hone 
or  in  the  Colonies,  and  who  deiiru  to  obtain  a  general  idea  of  tbe  tme  prlndplai  of 
turning  In  all  ns  BRAHOHBS."-Votima/  qf  the  Royol  CoUmial  Imt. 

<*  A  most  BBABABLB  sttd  VALtTABLE  book,  and  merits  an  BZTBirsiyB  SAIE."  OeeUUk 
Fanner, 

"  Will  prove  of  service  in  amy  part  op  the  world.' -  Ifatwr*. 

LONDON:  CHARLES  GRIFFIN  &  CO.,  LiMiTED.  EXETER  STREET,  STRANa 


PROSPBCTINO  AND  COLONISATION.  Si 

ORnrm's  "wew  land"  series. 

Thikd  Edition,  BeviHed.     With  lilwftrcUions,    HaruUome  Clotk^  6s, 

PROSPECTING  FOR  MINERALS. 

A  Practical  Handbook  for  Proapeotora,  Explorera,  SaWera,  and  att 
intaraated  in  tlie  Opaning  ud  and  Dauaiopmant  of  New  Landa, 

By  S.  HERBERT  COX,  AssocR.S.M.,  M.In8t.M.M.,  P.G.S. 

Gbkvrax  Contrnts.— Introduction  and  Hinte  on  Greology— The  I>eteniiiiiaF- 
tion  of  MineridB :  Use  of  the  Blow-pipe,  &a— Rock- forming  Minerals  and  No»- 
Metallic  Minerals  of  Commercial  Value :  Rock  Salt,  Bora^  Marbles,  litho- 
graphic Stone,  Quartz  and  Opal,  &c..  &c.~PreciouB  Stones  and  Gems— Stratified 
JL>epo8it8:  Coal  and  Ores— Mineral  Veins  and  Lodes— Irregular  Depositi— 
Drnamics  of  Lodes:  Faults,  &c.— Alluvial  Deposits— Noble  Metals:  Gold, 
Platinum,  Silver,  &c— Lead — Mercury— Copper— Tin— 2Sno— Iron — Nickel, 
4ba— Sulwiur,  Antimony,  Arsenic,  Ac.— Combustible  Minerals— Petroleam— 
GrenenJ  Hints  on  Prospecting — Glossary — Lidex. 

"Tllis  ADMIRABLE   UTTLI   WORK     .     .     .     ^litten  with   SOTKNTIFIC  AOOURAOT   iB  a 

QUI  A  Rand  LUon>  style.   ...  An  important  additiok  to  technical  literature  .  .  . 
-'Mining  Journal. 


IN  PREPARATION, 
BUILDING  CONSTRUCTION  in  WOOD,  STONE,  ato 
CONCRETR  By  James  Lyon,  M.A..  Professor  of  En- 
gineering  in  the  Royal  College  of  Science  for  Ireland; 
sometime  Superintendent  of  the  Engineering  Department  in 
the  University  of  Cambridge;  and  J.  Taylor,  A.R.C.S.L 

*♦*  other  Volonies,  dealing  with  sabjects  of  Primary  Importakck  In  the  Sxamiv- 
ATION  and  Utilisation  of  Lands  which  have  not  as  yet  l)een  fully  developed,  arajin 
preparation. 


Crown  8vo.     Handsome  Cloth.     lUustrated. 

MINING    GEOLOGY. 

A   TEXTBOOK   FOR   MINING   STUDENTS  AND   MINERa 

By  JAMES  PARK,  F.G.S.,  M.Inst.M.M., 

Professor  of  Mining  and  Dli  ector  of  the  Otago  University  School  of  Mines ;  late  Director 

Thames  School  of  Mines,  and  Geological  Surveyor  and  Mining  Geologist  to  the 

Government  or  New  Zealand. 

Genbral  Contsrts.— Introduction.- Classlflcation  of  Mineral  DepoeiU.— Oie  VeSai^ 
their  Filling,  Age,  and  Structure.— The  Dynamics  uf  Lodes  (and  Beds.— On  DepodU 
Ctonetically  Considered— Ores  and  Minerals  Considered  Economically.— Mine  SampUng 
aad  Ore  Valuation.— The  Sxamination  and  Valuation  of  Mines.— Irdbx. 
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Sixth  Edition.    With  Frontispiece  and  716  lUnstntioiis.    Price  S4a. 

ORE  &  STONE  MINING. 

By  Sir  C.  LE  NEVE  FOSTER,  D.Sa,  F.R.&, 

LATE  PROFBSSOS  OF  MIKIlfC  «OYAL  OOU,KGB  OF  SCIBMCK. 

Revised,  and  brought  up-io-date 
By  BENNETT  H.  BROUGH,  F.G.S.,  AssocR.S-M, 

GENERAL   CONTENTS. 

INTRODUCTION.  Mode  of  Oeeurrence  of  Mineralt.— Pronieetins.— Bortns. 
—Breaking  Ground.— Siqippptlng  Excavations.— Exploltafloii.—Hiui]aM  or 
Transport.— Hoisting  or  winding.— Drainage.  — VentllaUon.—LlglitlDC.— 
Deseent  and  Ascent.— Dressing— Principles  of  Employment  of  Mining  Laboiir. 
—Legislation  affecting  Mines  and  Quarries.  —  Condition  of  tlie  ^^ 
Aaeldents.— Index. 

*'  We  have  seldom  had  the  pleasure  to  review  a  work  so  thoroofch  and 
the  present  one.    Both  in  manner  and  in  matter  it  is  far  supbriob  to  AXTTUae  os 

ITS  SPECIAL  SUBJECT  HITHBETO  PUBLISHED  IK  ENGLAND."— .ieA«niPttm. 

"  Xot  only  is  this  work  the  acknowledged  text-book  on  meUl  mining  in  Great  Britain 
and  the  Colonies,  but  that  it  is  so  regarded  in  the  United  SUtes  of  America  is  evidenced 
by  the  fact  that  it  is  the  book  on  that  subject  recommended  to  the  students  in  B»o6t  of 
the  mining  schools  of  that  country."— TA^  Timeg. 


In  Crown  8vo.    Handsome  Cloth.    With  nearly  300  ninstratiooe,  many  of 
them  being  full  page  reprodnctions  of  views  of  great  interest.  Price  7a  6d.  net. 

THE  ELEMENTS  OF  MINING  AND  QUARRYING. 

An  Introductory  Text-Book  for  Mining  Students. 
By  Sir  C.  LE  NEVE  FOSTER,  D.Sc,  F.RS., 

Professor  of  Mining  at  the  Royal  College  of  Science,  London,  with  which  is  laoovponted 
the  Royal  School  of  Mines ;  lately  one  of  H.M.  Inspectors  of  Mines. 

General  Contents.  —  Iktkoucction.  —  Occurrence  of  Minerals.  —  Pro- 
epecting. — Bwing. — Breaking  Ground.— Supporting  Excavations. — ^Eimloit*- 
tion. — Haulage  or  Transport. — Hoisting  or  Winding. — Drainage. — Ventijation. 
— Lighting.— Descent  and  Ascent— Dressing,  &c— Index. 

**  A  remaikably  clear  survey  of  the  whole  field  of  mining  operations."— Ai^mmt. 

"  Rarely  does  it  fall  to  the  lot  of  a  reviewer  to  have  to  accord  such  unqualified  praise  as 
this  book  deserves.  .  .  .  The  profession  generally  have  every  reason  to  be  gratefnl  to 
Sir  C.  Le  Neve  Foster  for  ha^ng  enriched  educational  literature  with  so  admirable  an 
elementary  Text-book."— Jfimi^  Journal. 


Fifth    Edition,   Revised  and  Greatly  Enlarged,       WUh  4  Plates  and 
670  IBustraiions,     Price  24s.  net. 

A  TEXT-BOOK  OF  GOAL-MINING: 

FOR  THE  USE  Of  COLLIERY  MANAGERS  AND  OTHERS 
ENGAGED  IN  COAL-MINING. 

By  HERBERT    WILLIAM    HUGHES,   F.G.S., 

Assoc  Royal  School  of  Mines,  GenenU  Manager  of  Sandwell  Fade  CoOievy. 
GBNXKAL    CONTENTS. 

Geology. — Search  for  Coal. — Breaking  Ground. — Sinking. — Preliminary 
Operations.  —  Methods  of  Working.  —  Haulaj^e.  —  Winding.  —  Pumpine. — 
Veotilatlon. — Lighting.— Works  at  Surface.— Preparation  of  Coal  for  Market 

"Quite  THE  BCST  BOOK  of  its  load  ...  as  raAcricAL  in  aim  as  a  book  canhe  .  .  • 
Hm  illnstratioiis  •■«  ■xcu.lbmt."— ^/^rwnMMi. 

"  We  eordudhr  xeoommend  the  work.'*--OA&rv  Gumrdim, 

**  Will  soon  come  to  be  regarded  as  the  standard  work  of  its  laad.**—.BinmtMgAam 
Daiiy  Gazette. 
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Eleventh  Edition,  Revised.     With  Numerous  Diagiams. 
Cloth,  7s.  6d. 

A   TREATISE    ON    MINE-SURVEYING: 

fw  the  ¥86  of  Mcuiagers  of  Minee  and  Colliertea^  StudmU 

at  the  Royai  School  of  MinoB,  do. 

By   BENNETT   H.    BROUGH,    F.G.S.,  ASSOC.R.S.M,, 

Fonnerly  Instructor  of  Mine-Surveviiis»  Royal  School  oC  Mia«. 

"Itt  CLEARNBSS  of  STVLE,  LUCIDITY  of  DESCRIPTION,  and  PULNnSS  of  DETAIL  have  long  ago  WOO 

focitapUce  unique  in  the  literature  of  this  branch  of  mining  engineering,  and  the  present  eduion  faUjr 
mielaiiii  the  high  standard  of  itspredcceswn.  To  the  student,  and  to  the  mining  engineer  aUte^  ITS 
VALUa  ift  ieesmiub!c.    The  iUuatrailous  are  ezceUent.'*—  TJU  Mimm  y^urnai. 

In  Large  Crown  8vo.     Fully  Illustrated.     6s.  net. 

THE  INVESTIGATION  OF  MINE  AIR: 

An  Account  by  Several  Authors  of  the  Nature,  Significance,  and  Practical 

Methods  of  Measurement  of  the  Impurities  met  with  in  the 

Air  of  Collieries  and  Metalliferous  Mines. 

EDITED   BY 

Sir  clement  LE  NEVE  FOSTER,  D.Sc,  F.R.S., 
And  J.  S.  HALDANE,  M.D.,  F.R.S. 

**  We  know  of  nothloK  essential  that  has  been  onitted.    The  book  is  liberally  sapplicd 
with  illustrations  of  apparatus." — CoUiery  Guurdiau, 


In  Crown  8vo,  Handsome  Cloth.    Se.  Cd.  net. 

MINING     LAW 

'OF        VHES        BRXmSH        B3]«[]PXXKB. 

By  CHARLES  J.  ALFORD,  F.G.S.,  MJD8k.M.M. 
Contents. — The  Principles  of  Mining  Law. — The  Mining  Law  of  Great 
Britain.— British  India. — Ueylon.-— Burma. — The  Malay  Peninsula- — British 
North  Borneo.—  Egypt.— Cyprus. —The  Dominion  of  Canada.— British 
Gmana.— The  Gold  Coast  Colony  and  Ashanti.— Cape  of  Good  Ho|)e.— 
Natal.  —  Orange  River  Colony.  —  Transvaal  Colony.  —  Rhodesia.  —  The 
'Commonwealth  of  Australia. — Kew  Zealand,  &c. — Index. 

'  .Should  be  specially  useful  to  all  those  engaged  in  the  direction  of  mining  enter- 
"  -Financial  Thnu, 


In  Large  8w.     Third  Edition.     Price  10«.  6d. 

Mu  Accounts  and  Mining  Boolc-Kee^g. 

Fop  Students,  Managers,  Secretaries,  and  others. 

With  Examples  taken  from  Actual  Practice  of  Leading  Compcmlea. 

By  JAMES  GUNSON  LAWN,  A.R.&M.,  A.M.I]i8t.C.S.,  F.aS., 

Professor  of  Mining  at  the  Sonth  Africaa  School  of  MUies. 

Edited  by  Sir  C.  LE  NEVE  J'OSTER,  D.Sc,  F.R.S. 

**lt  seems  ikpossiblb  to  suggest  how  Mr.  Lawx's  book  ooold  be  made  move  oolip&Bni  or 
more  valuablb,  careful,  and  exhaustive.*'— ilecounran^'  Magazine. 


im  MINING  ENCINEERV  REPOIIT  BOOK  AND  DIKGTORS' 

AND  SHAREHOLDERS'  GUIDE  TO  MINING  REPORTS.  By 
Edwin  R.  Field,  M.Inst. M.M.  With  Not«s  on  the  Valuation  of 
Mining  Property  and  Tabulating  Reports,  Useful  Tabids,  &c.,  and 
provided  with  detachable  blank  pages  for  MS.  Notes.  Pocket  Size, 
Strongly  Boand  in  Leather.     3^.  tfd. 

"An  ADMiaABLT  compiled  book  which  Mining  Engineers  and  Mansgen  wUl  Had 
lORIpnbT  uawuii."— Jftniiv  JawnaL 
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Be  coxd  Edition.     In  Crown  8vo.     Handi^ome  Cloth,     With  30  Ke» 
lUwUrcUions,     Is,  6d  net, 

ELECTRICAL  PRACTICE  IN  COLLIERIES. 

By  B.  burns,  M.E.,  M.Inst.M.E., 

Gertifloitecl  CoOieiT  Manager,  and  Lecturer  on  Mtningr  and  Geology  to  the  Glasgow  and  Wcsl  of 
Scot  and  Technical  CoHofe. 

tJnits  of  Measurement,  Conducton,  &c. — The  Theory  of  the  Dyiiama— The 
Dynamo,  Detoils  of  OoDstraction  and  Working.— Motors. — L^hting  loataUa- 
tions  in  Collieries.  —  Pumping  bjr  Electricity.  —  Electrical  Uanlage. — Coal 
Cutting.  —  Miscellaneous  Applications  of  Electricity  in  Mines. — Coal  Mui«s 
Regulation  Act  (Electricity).— Index. 

"A  clear  nnd   concise  introdiictioQ   to  electrical  practice  in  coUieries."— Jfini^f 
Journal. 


Fourth  Editiok,  Thoroughly  Revised  and  Greatly  Enlarged.     Re-tefc 
throughout.     Large  Crown  8vo.     Handsome  Cloth.     128.  6d. 

PRACTICAL  COAL-MINING! 

L    MANUAL     FOB     MANAOERS.     UNDEB-MANAaiSRB, 

COLLIEBY    ENGINEERS,     AND     OTHERS. 

With  Worked-out  Problems  on  Haulage,  Pumping,  Ventilation^  Sc 

By  GEORGE   L.   KERR,   M.E.,   M.Inst.M.E. 

"An  BSBxxTiALLT  PRACTICAL  WOBK,  and  Can  be  confidently  recommended.  No  departiMat 
of  Cioal-Mining  haa  been  overlooked.*— £n0fii«rr«  Gaxetu. 

"This  book  JUST  mbbts  the  wants  of  Students  nreparing  for  the  CollleiT  BUnagon'  Bamfai- 
ations.  I  hare  decided  to  use  it  for  our  claases  here.  ...  We  have.  1  beliere  tbe  lai«BSl 
mining  class  in  Great  Britain."— 3%<  Prineipal  of  a  Training  CoUege, 


ELEMENTARY  COAL-MINING :  For  the  Use  of  Students,  Miners,  and 
others  preparing  for  Examinations.  By  Georoe  L.  Krbr,  M.E., 
M.Inst.M.E.,  Author  of  *<  Practical  Coal -Mining."  In  Crown  8vo. 
Handsome  Cloth.    With  200  Illustrations.    3s.  6d. 

"An  abundance  of  information  cunvcyed  in  a  popular  an    attractive  form.   .    .    .    WHI  be 
of  great  use  to  all  who  are  m  any  way  lnt«reste<l  lu  ooal  mining."— iSetiTdalk  Critic 


BLASTING :  and  the  Use  of  Explosives.    A  Handbook  foe 

Engineers  and  others  Engaged  in  Mining,  Tunnelling,  Quarrying,  fte. 
Bv  Oscar  Guttmann,  M.In6t.C.E.,  Member  of  the  SooietieB 
of  Civil  Engineers  and  Architects  of  Vienna  and  Budapest,  Corre* 
sponding  Member  of  the  Imp.  Roy.  Geological  Institution  of  Anatria, 
&c.  Second  Edition,  Re\nsed.  In  Large  Sro,  with  Illustrations  and 
Folding-Plates.     lOs.  6d. 

"  Should  prove  a  tHuU-nMcutH  to  Minins  Engineers  and  all  engaged  in  practicsl  iracfc. 
^IroH  and  Coal  Trades  Rrvuvf. 


TESTING  EXPLOSIVES.    By  C.  E.  Bichbl  and  Axel  Labskn. 
Contents.  —Historical— Testing  Stations— Power  Gauges— Prodncti 
of  Combustion — Heat  of  Decompoaition— Rate  of  Detonation — Rate 
and  Duration  of  Flame — After  Kame  Rates — Transmission  of  Explo- 
sion—Efficiency, &a    In  Mediom  8vo.    Fully  Illustrated.    68.  net. 
<*It8  pages  bristle  with  ePKgestloDS  and  aetual  ezperimeatal  reftults  to  an  extent 
seldom  found  In  a  ▼olume  of  live  times  its  stee."— jimw  and  JSapkmbe* 
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MmiNQ  AND  METALLURGY.  S9 

/n  Mtdwan  Six?.      W^th  NumercvA  Plates,  Maps,  and  lUustrcUioiu, 

21«.  net, 

CYANIDING  GOLD  &  SILVER  ORES. 

A   Practical  Treatise  on  the  Cyanide  Process;    its  Application, 

Methods  of  Working,  Design  and  Construction  of 

Plant,  and  Costs. 

By   H.   FORBES   JULIAN, 

Mining  and  MeUlIiurvlcal  Bnglnear;  SpecUlirt  in  Gold :  Late  Technical  Advbur  of  tb« 
Deutache  Gold  and  Silber  dcheide  Anstalt»  Franlcfort-on-Malne. 

And  EDGAR  SMART,  A.M.I.C.E., 

Civil  and  Metallurgical  Engineer. 

'*A  handAome  volume  of  400  pages  which  will  be  a  valuable  book  of  reference  for  all 
Msocdated  with  the  process."— Jfmin/;  JoumaL 

"The  authors  are  to  be  congratulated  upon  the  production  of  what  should  prove  to  be 
a  atandard  work/'— Pof^e'^  ^fageuine. 


In  Larne  Grown  Svo,     With  Plates  and  JUustration*.     Handsome  Cloth, 

ls.6U, 

THE  CYANIDE  PROCESS  OF  GOLD  EXTRACTION. 

A  Text-Book  for  the  Use  of  MetaNurgiats  and  Students  at 
Sohoole  of  Mines,  dc. 

By    JAMES    PARK,   F.G.S.,  M.Inst.M.M., 

Profeuor  of  Mining  and  Director  of  the  Otago  University  School  of  Mines ;  late  Direetor 

Thames  School  of  Mines,  and  Geological  Surveyor  and  Mining  Geologist 

to  the  Government  of  New  Zealand. 

Thibd  English  Edition.      Thoroughly  Revised  and  Greatly  Enlarflsd. 
With  additional  details  oonoeming  the  Siemens-Hidake  and  other 
reoent  prooeeset. 
**  Deserves  to  be  ranked  as  amongst  the  bks70F  mxsBfraQTKSASOES,"— Mining  JcumsL 


Thibd  Edition,  Revised.     WUh  Plates  and  Illustrations.    Cloth,  3«.  M, 

GETTING     GOLD! 

A    OOLD-MININQ    HANDBOOK    FOR    PRACTICAL    MEN. 

By  J.    0.   P.    JOHNSON,   P.G.S.,    A1.M.B., 

Ufe  Member  Ausferalasiaii  Mine-Msaagers*  Asaooiation. 
GzKKRAL  C0NTSNT8.— Introductory :  Prospecting  (Alluvial  and  General)— 
liode  or  Reef  Prospecting^G^nesiolog^  of  Gold-— Auriferous  Lodes — Drifts — 
Gold  Extraction — Lixiviation— Calcination — Motor  Power  and  its  TransmissioB 
— Company  Formation  —  Mining  Appliances  and  Methods  —  Australasiaa 
BCining  Regulations. 

:^  '*  PRAonOAL  from  besinning  to  end    .    .    .    deals  thoroughly  with  the  Prospecting^ 
tjffwfcing,  Cmahing,  and  Iztraction  of  gold. "~llr»f.  AvstrdUistan. 

In  Crown  Svo,    Illustrated,    Fancy  Cloth  Boards.     48.  6(2. 

GOLD  SEEKING  IN  SOUTH  AFRICA: 

A  Handbook  of  Hints  for  intendinsr  Explorers,  Prospectors, 

and  Settlers. 

By    THEO    KASSNER, 

Mine  Manaffer,  Author  of  the  Geological  Sket«h  Map  of  the  De  Kaap  Gold  Fields. 

With  a  Chapter  on  the  Agricultural  Prospects  of  South  Afriea. 
**As  fascinating  as  anything  ever  penned  by  Jules  y^me."—J/rica»  Oommerct. 
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6o  CBARLB8  QRIFFIK  ifr  VO.*B  PUBLWATIOSB. 

Large  Sto.    Bmbinorm  ClDUi.    WUh  ]!lM*nillMa 
Itik  Gd.  Mt. 

MniLLURGIGAL  ANALYSIS  &  ASSAYING: 

A  THRBB  YBARS*  COURSK 

FOR  STUDENTS  OP  SCHOOLS  OP  MINES. 

By  W.  a.  MACLEOD,  B.A.,  B.Sc.,  A.O.S.M.  (N.Z.), 

FormerlrABsist. -Director.  Thames  School  of  Mines  (N.Z.).  and  Lecturer  in  Chemiitir,  Unirenfty 
of  Taamania ;  Director  of  Qneenaland  Ooremment  School  of  Mines,  Charters  Towen  : 

And  CHAS.  WALKEH,  F.C.S., 

ormeriy  Assitt.-Demon8trator  in  Cb«mlsti7,  Sjdnor  UBivmilr :  LMtarer  in  <hmMK% 
and  Metallurgy,  OhAtiers  Towers  School  of  Mliies 

Part  I.— Qnalitative  Analysis  and  Preparation  and  Properties  of  Gaaea. 
Part  II.— Qnalitative  and  Quantitative  Analyns.  Pakt  III.— Aanyi^g, 
Technical  Analysis  (Gas,  Water,  Fuels,  Oils,  &c. ). 

"The  pablication  of  this  yolume  tends  to  prore  that  tlie  teaching  of  meUlhngical 
aaal^B  and  anaylng  in  Australia  rests  In  competent  hands."— Aacurt. 


In  Crown  8vo,  Beautifully  Illustrated  with  nearly  100 
Microphotographs  of  Steel,  &o.    ^Ts.  6d.  iMt. 

MICROSCOPIC  ANALYSIS  OF  METALS. 

By  FLORIS  OSMOND  &  J.  E.  STEAD,  RRS.,  F.I.C. 

Ooktknts.— Metallography  considered  as  a  method  of  Atiay.  —  Micro- 
graphic  AualyBis  of  Carbon  Steels.— Preparation  of  Specimena.— Mfohiog. 
—Constituents  of  Steel;  Ferrite;  Cemeutite;  Pearlite;  Sorfaito;  MMHaeite: 
Hardenite ;  Troostite ;  Austenite-^-Identification  of  CoDBtitueota.~-Deiailed 
Examination  of  Carbon  Steels.— Conclusions,  Theoretical  and  Practical.— 
Apparatus  employed.— Appendix. 

"  There  has  been  no  work  previously  published  in  English  calculated  to  be  so  useful  to 
the  student  In  metallographic  research."— /ron  and  &ieel  Trades'  Journal. 


Third  Edition.    With  Folding  PUtea  aad  Many  IllnstvatlMM.     36a. 

A  PDAGTICAL  TREATISE  ON  THE  ART  OF  EHRACTINfi  HETAU 

FROM  THEIR  ORES. 

Bt  J.  ARTHUR  PHILLIPS,  M.Inbt.O.R,  RC.8.,  F.O.8^  *«w 

And  H.  BAUERMAN,  V.P.G.S. 

General  Contents.  —  Refractory  Materials.—  Fire-ClayB.— Fneh,  Ac— 
Aluniiiium.  —  Copper.  — IIil  —  Antimony.  —  Anenio.  —  2me.  —  MeidWy.  -- 
BiiMiutK  -Lead.— lHm.—Oobalt.-Nick€l—Wlver.— Gold.— Platima*. 

**0f  the  Third  EDmoir,  we  mt  MXi  able  %e  say  that,  as  a  Test'^odk  of 
Metallurgy,  it  is  the  best  with  whSoh  we  an  acquainted.*'— J7n^meer. 

"  A  work  which  is  eqtiany  valuable  to  the  Student  as  a  Text-book,  and  to  the 
praotioalSinelterasaStaBdaniWorkof  Kefereaoe.  .  •  .  The  OliMlmlkna 
"  I  ezamplea  of  Wood  EttgTav3ng.*'^Cft«iiiio(U  ifewi. 
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At  Press.     Second  Edition,  Revised  ThroughotU  and  Enlarrjed.     Re-set 

on  Lanjer  Page.     With  Valuable  Bibliography,  New  Maps, 

UluMtratwas,  <!•& 

PETROLEUM  AKD  ITS  PRODUCTS. 

A    PRJBLCXICJSJQ    XXTEAXIBE. 

By      SIB      BOVEBTON     BEDWOOD» 

F.II.S.E.,  F.I.C.,  A88oaE.0.8., 

Hon.  Ooir.  Mem.  of  the  Imperial  BnaBlan  Teohnical  Bocie^;  Mob.  of  the  Ameiicmn  Obemlaal 
«_-.-^    .  , ...    _  ._  .V. ,, —  rv« ^  .   .^    . ""I  of  London  under  the 


Owr.  Mem.  of  the  Imperial  Bnaelan  Teohnical  Bocietjr;  M«nL 
Sodetj ;  Adviaer  to  the  Home  Office  and  to  the  Corporation  0 
Petniloiiffi  Aeta.  *&•  in. 


With  Plates  (One  Coloured)  and  lUhetnUiom,    Price  8«.  6<;.  net. 

A     HANDBOOK     ON     PETROLEUM. 

fOR  INSPECTORS  UNDER  THE  PETROLEUM  ACTS, 

And  for  those  engaged  In  the  Storage,  Transport,  IMstributlon,   and 

Indnstrlal  tJse  of  Petroleum  and  its  Prodnots,  and  of  Caldum 

Carbide.     With  suggestions  on  the  Constmotion  and 

Use  of  Mineral  OU  Lamps. 

By   captain   J.    H.    THOMSON, 

H.M.  Chief  Inspector  of  Exploeivea, 

AxD    SIR    BOVERTON    REDWOOD, 

Author  of  "  Petroleum  and  its  Prodnetc." 

CoiTTBVTa.— I.  Introductory.— II.  Sources  of  Supply.— IIL  Production.— IV.  Chemical  Pro- 
dQHi.  Bhale  01I«  and  Coat  Tar.-Y.  Flash  Point  and  Fire  VsaL-TL  1V«ttngii.-VIL  Ezistlnff 
Lesialation  relating  to  Petroleum.  — YIII. —IX.— Precautions  NeeeMwyT—X.  Petraleum  OU 
Lamps.— XL  Carbide  of  Calcium  and  Acetylene.— .\ppettdices.—IirnBX. 

**A  Tolume  that  will  enrich  the  world's  petroleum  Hteratan,  and  render  a  serrlce  to  tha 
BciUsh  braneh  of  the  indubtry.  .  .  .  Reliable.  indispenttWe.  a  brilliant  contribtttlra."- 
FetroUmm.  

At  Press.    In  Crown  8vo.    Fully  Ulastrated. 

THE  LABORATORY  BOOK  OF  MINERAL  OIL  ANALYSIS. 

By    J.     A.    HICKS, 

Chemist  to  Sir  Boverton  Redwood. 
CoNTKKTS.  —  Specific  Gravity.  —  Flashing  Point.  —  Testa.  —  Viscosity.  —  Colour.  - 
Appaxwtns.— Detection  of  Petroleum  Vapour.— Capillary  Test— Melting  Point  of  Parafll  1 
8cale  and  Wax.— Oil  in  Scale.— Estimatiou  of  Sulphur,  of  Water.— Oaloriflc  Value. 
Tables.— Index.  

O  I  IL.       F  U  E:  IL.: 

ITS    SUPPLY,     COMPOSITION,     AND    APPLICATION^ 
By    SIDNEY    H.    NORTH. 

{8ee  page  29). 


THB  PETROLEUM  LAMP:  Its  Choice  and  Use.  A  Ouide 
to  the  Sale  Employment  of  Mineral  Oil  in  wkat  is  commonly  termed 
the  Paraffin  Lamp.  By  Capt.  J.  H.  Tuobisok  and  Sir  lEioVKBTON 
Bjedwood.    Popular  Edition,  Ulastrated.     Is.  net. 

'*  The  book  contains  a  great  deal  of  interestinff  reading,  maeh  of  which  is  thoroogWynnctical 
and  nsefhl.     It  is  a  work  which  will  meet  every  purpose  for  which  it  has  been  wntten.'*— 
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STANDARD  WORKS  OF  REFERENCE 

FOR 

Metallurgists,  Hine^Owners,  Assayers,  Manafaetoren, 

and  all  interested  in  the  development  of 

the  Metallurgieal  Industries. 

EDITED  BT 

Sir  W.  ROBERTS-AUSTEN,  K.C.B,  D.C.L.,  F.R-& 

In  Lmn*  8m,  Hamda^mu  Cloth.      With  JUtatrmtimu, 


nrTBODUCTION   to   the    STUDY   of  MBTAIiIiXTBQY. 

By  the  Editor.     Fifth  Edition.     i8s.    (See  p.  63.) 

GOLD  (The  Metallurgy  of).  By  Thos.  Kirks  Rosi, 
D.Sc.,  Assoc  R.S.M.,  F.C.S.,  Chemist  and  Assayer  of  the  Royal 
Mmt.    Fifth  Edition..   21s.    (Seep.  63.) 

LBAD  AND  SHiVIBB  (The  Metallurgy  of).  By  H.  F. 
Collins,  Assoc  R.S.M.,  M.InstM.M.  Part  I.,  Lead,  i6s;  Pisit 
XL,  Silver,  i6s.    (See  p.  64.) 

IBOV  (The  Metallurgy  of).  By  T.  Turner,  A.R.S.]il, 
F.I.C.,  F.C.S.    Second  Edition,  Revised.     i6s.    (See  p.  65.) 

8TBEL  (The  MetaUurgy  of).  By  F.  W.  Harbord, 
Assoc.  R.S.M.,  F.I.C.,  with  a  Section  on  Mechanical  Treatment  by 
J.  W.  Hall,  A.M. Inst. C.E.  Second  Edition.  25s.  net.  (Sec 
p.  65.)  

U^m  i€  Pmhluktd  •i  Short  Inionmh. 

XBTALLUBaiCAL    MACHINERY:    the    AppUcation    of 

Engineering  to  Meullurgical  Problems.  By  Henry  CharlbsTsickiiis, 
Wh.Sc.,  ASSOC.R.S.M.,  Assoc. M. Inst. C.E.,  of  the  Royal  College  of 
Science  (See  p.  64). 

COPPER  (The  Metallurgy  of).  By  Ihos.  C.  Cloud,  Assoc 
R.S.M. 

AIiIiOYS.      By  Edward  T.  Law,  Assoc.  R.S.M. 
*,*  Other  Volumes  in  Preparation. 
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aBIFFIN'S    METAIiLUBQICAL    SEBIES. 


Fifth  Edition,  thoroughly  Revised  and  considerably  Enlarged.     Large 

8vo,  with  numerous  Illustrations  and  Micro-Photographic 

Plates  of  different  varieties  of  Steel.     1 8s. 

An  Introduction  to  the  Study  of 


Sir  W.  ROBERTS-AUSTEN,  K.C.B.,  D.C.L.,  F.R.S.,  A.R.S.M., 

Late  Chemist  and  Asaayer  of  the  Koyal  Mint,  and  Professor  of  Metalluigy 
in  the  Royal  College  of  Science. 

Gbnbral  Contents.— The  Relation  of  Metalluzsy  to  Chemistry.— Physical  Properttet 
of  Metals.— Alloys.  The  Thennal  Treatment  of  Metals.— Fuel  and  Thermal  Measurements. 
—Materials  and  Products  of  Metallurgical  Processes.— Furnaces. — Means  of  Supplying  Air 
to  Furnaces.— Thermo- Chemistry .—Tirpical  Metalluxgical  Processes.— The  Micro-Stmctura 
of  Metals  and  Alloys. — Economic  Considerations. 

"  No  English  text-book  at  all  approaches  this  in  the  completeness  with 
which  the  most  modem  views  on  the  subject  are  dealt  with.  Professor  Austen's 
volimie  will  be  invaluable,  not  only  to  the  student,  but  also  to  those  whose 
knowledge  of  the  art  is  far  advanced." — Chemical  News, 


Fifth  Edition,  Revised,  Considerably  Enlarged,  and  in  part  Re-written. 
With  Frontispiece  and  numerous  Illustrations.    21b. 

THE  HETALLURGT  OF  GOLD. 

BT 

T.  KIRKE  ROSE,  D.ScLond.,  Assoc.R.S.M., 

Chemist  and  Asaayer  qf  the  Royai  Mint, 

General  CONTKRts.— The  Properties  of  Gold  and  Its  Alloys.— Chemistry  of  the 
Compounds  of  Gold.— Mode  of  Occurrence  and  Distiibation  of  Gold.— Shallow  Placer 
]>epofllts.— Deep  Placer  Deposits.— Quartz  Crushing  in  the  Stomp  Battery.— Amalgam- 
ation in  the  Stamp  Battery.— Other  Forms  of  Cnuhing  and  Amalgamating  Machinery. 
—Concentration  in  Gold  Mills.— Dry  Crashing.— Re-grinding.— Roasting.-Chlorinatlon: 
The  Plattner  Process,  The  Barrel  Process,  The  Vat-Solution  Process.- The  Cyanide 
Procesa.— Chemistry  of  the  Cyanide  Process.- Refining  and  Parting  of  Gold  Bullion. 
—Assay  of  Gold  Ores.— Assay  of  Gold  Bullion.— Statistics  of  Gold  Piodaction.— Biblio- 
grap^.— Index. 
**  AooimiKHurarvB  PBAcnoALTaaAnsa  on  this  important  subJeoL"— TVkc  Timu, 
**The  KO8T  ooMPLBTB  description  of  tne  ohlobivatioh  prockss  which  has  yet  been  pab- 
UilMd.**— Ifinlii^  Journal. 

**  Adapted  for  all  who  are  interested  In  the  Gold  Mining  Industry,  being  free  from  taeh- 
BlealltiM  as  far  as  possible,  but  is  more  particularly  of  value  to  those  engaged  in  the 
iadnetry.**— Ctq>e  Tima. 
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aBn*FIN'S  METAIiLUBaiCAIi   BBRTWI, 

Edited  by  SIR  W.  ROBERTS-AUSTEK,  K.C.B.,  P.R.8.,  D.C.L. 

In  Large  8vo.    Ifandftome  Cloth,     With  lUuttreUioM. 


In  Two  Volumes,  Each  Complete  in  Iteelf  and  Sold  Separ&telj. 

THE  METALLUReV  OF  LEAD  AND  SILVER. 

By  H.  F.  COLLINS,  Assoc. R.S.M:.,  M.Ikbt.M.M. 

Pa.Pt     I.— ILi  E  jBL  I> : 

A  Complete  and  Exhanstive  Treatise  on  the  Maanfiaotare  ol  Lead, 
with  Sections  on  Smelting  and  Deailveriflation,  and  Chapten  en.  the 
Assay  and  Analysis  of  the  Materials  inYolved.    Price  i6s. 

SVMXAiiT  OF  ComrBHTs.— Sstnplliiguid  AsBaytmt  ImmI  Mid  SUvor.— Properlise  and 
OboqMNmds of  Lead.--LMd  Ores.— LeadSmelttiig.— He^eHwrrtortt*.  Lssd  8n  '^^ 
]Ieutlit.~11ie  Koasting  of  Lend  Ores.— Blast  Foraiiee  Sneltlng;  Mnc^iles,  1 
and  Bnmplw;  Products.— Fine  Dust,  Its  Composttloii,  Oolleotloa  tad  ~"  ~ 
Costs  and  Losses,  Purchase  of  Ores.— Treatment  <n  Zinc,  Lead  Solphldes,  IN 
Softening  anl  Beflning.— The  Pattinson  Process.— The  Paikes  Process.— CqpeUattan  and 
Beflning,  dtc,  Ac. 

"A  THOROUGHLT  SOUND  and  useful  digest.     May  with  syXRT  ooarvocaoi 
lecommended."— JftntTu;  Journal. 


Pa.x*t     II.— SIX^VER. 

Comprising  Details  regarding  the  Sonrces  and  Treatment  of  SilTer 
Ores,  together  with  Descriptions  of  Plant,  Machinery,  and  Prooeaeea  of 
Manufacture,  Refining  of  Bullion,  Cost  of  Working,  &o.     Price  168. 

SOMMAEJ  OF  CoRTiNls.— Properties  of  Silver  and  its  Prtndpal  Oompoaiida.~SUTer 
Ores.— The  Patio  Process.— The  Kaxo,  Fondon.  Ktdhnke,  and  Tina  Ptocessaa.— TSie  Pan 
Process.— Boast  Amalgamation.— Treatment  of  Tailings  and  Concentration.— Retorting, 
Melting,  and  Assaying  — Chloridisinff-Boasting.— The  Augustin,  Claudet,  and  Zierront 
Processes.— The  Hypo-Sulphite  Leaching  Prooes8.—Reflnlng.— Matte  Smelting.— Pyritte 
Smelting.— Matte  Smelting  in  Beverberatories.— Silrer-Gopper  Smelting  and  Heflning.— 

ISDEX. 

"  The  author  has  focussed  A  large  amount  of  VALUABLa  ihformatior  Into  a 
convenient  form.  .  .  .  The  author  has  evidently  considerable  practical  experience, 
and  describes  the  various  processes  clearly  and  weiL  '— Jtmimv  JemmtU. 
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The  Applloatlon  of  EngineerhiK  to  MotalliiiKioal 

Br  HENRY    CHARLES   JENKINS, 

Wh.Sc.,  j4s»ocIi.S  M.,  Auoe.MJbiM.CJt, 
LONDON:  CHARLES  fiftlFFIN  «  CO..  UMITEO^  EXETER  STREET.  SIlANa 


MMTALLXJRGIOAL  W0SK8. 


G&iniV>8  MBTAIiLU&OIOAL  8B&IB8. 


Second  Edition,  Revieed.     With  Knmeroas  IIluBtrations.     Large  8vo. 

Handsome  Cloth.    25s.  net. 

With  Additional  Chapter  on  The  Electric  Smelting  of  Steel. 

THE  METALLDRGY  OF  S:TEEL. 

By  F.   W.  HARBORD,   Assoc.R.S.M.,    FJ.a, 

Om^etUHtig  MetttUwrgiel  and  Analytical  OhemUt  to  the  Indifon  Ooio^nimiaA^ 
Ihyal  Indian  Wngineering  ColUge,  Coopers  HiU. 

With  37  Plates,  280  lUastrations  in  the  Text,  and  nearly  lOO  Mor»- 

Sections  of  Steel,  and  a  Section  on 

THE    MECHANICAL    TREATMENT    OP   STEEL, 

By    J.    W.    HALL,    A.M.Inst.C.E. 

Abbidobd  CoNTRsns.— The  Plant,  Mftchlnery.  Methods  and  Obemistrsr  of  the  BsMSMST 
and  of  tae  Open  Hearth  ProeeseeA  (Add  and  Baslo.—Ttie  Meonaafeal  Treatment  of  Steel 
eompriaing  Mill  Praotioe,  Plant  and  Machinery.  —  The  Inflaenoe  of  Metalloids,  Heat 
Treatment,  Special  Steels,  Microstracture,  Testing,  and  Specifications. 

*'  A  work  which  we  rentnre  to  commend  as  an  Invaluable  compendinm  of  Information  npon 
the  metallurgy  of  steel. "—iron  and  Coal  Trade$'  JRevifw. 

The  Engineer  says,  at  the  conclusion  of  a  review  of  this  book :— "  We  cannot  conclude  wlthont 
earnestly  recommending  a1)  who  may  be  tntetvsled  ns  MSlrerB  or  users  of  steel,  which  practically 
means  the  whole  of  the  encrhieering  profession,  to  make  themselves  accpiainted  with  it  as  speedily 
as  poselMe,  and  this  may  bt«  the  more  easUy  done  as  Uie  publislied  price,  considering  the  sIm 
of  toe  book.  Is  extrtmely  modefnte." 


Second  Edition,  Revised.     Price  16s. 

THE  HETALLURGY  OF  IRON. 

By  THOMAS   TURNER   Assoc.R.S.M.,  F.I.C, 

]?rof€89or  of  Mtlallvrgy  in  the  Vniveniiy  of  Birmingham, 
Ik  Labob   Svo,  Handsome   Cloth,  With   Nctmerods   iLLusTBATioire 

(MANT  7B0M  PHOTOORAPHS). 

^Nfftrl  C<mtetat.'^^^\y  History  of  Iron.— Modern  History  of  Iron.-^The  Age  of  BteeL 
— dltef  Iron  Orea.~Preparatlon  of  Iron  Orea.— The  Blast  Fnmaoe.— The  Air  need  in  tta 
BiMt  Furnace.— Beactions  of  the  Blaat  Fumaoe.^The  Fuel  used  in  the  Blast  Fnmaoe.— 
SlagB  and  Fuzes  of  Iron  Smelting.— Properties  of  Oast  lron.-> Foundry  Practioe.-> Wrought 
Iron.->Indirect  Production  of  Wrought  Iron.— The  Poddling  Process.— Further  Treatment 
of  Wrought  Iron.— Corrosion  of  Iron  and  Steel. 

*'  A  MMfr  VALUABLE  SVBOIART  of  knowMge  relating  to  emej  mtthod  sad  itage 
in  tks  ttkCittliBct&rB  of  cast  snd  wVDught  inm  .  .  .  rich  hi  chemical  dstaih.  .  .  . 
ExHAUBXiYE  and  thobodohlt  up-to-date."— ^u22etsn  of  the  American  Iron 
and  Steel  Auociatum, 

"  This  is  A  0NLioHTruL  BOOK,  Riving,  as  it  doss,  reliable  infbrmation  on  a  subject 
becoming  e?erj  day  more  elaborate.'* — GoUiery  Ouardian. 

"A  TktoRouOHLT  USEFUL  BOOK,  wbich  brings  the  snbject  up  to  oate.  Of 
•BEAT  TALUK  to  tfavM  ettgftgsd  in  the  iron  ia&tMcy,'*^Mining  Journal, 
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With  Numerous  Illustrations  and  Three  Folding-Plates.    21s.  net. 

ELECTRIC  SIELTIIffr  &  EEFIHIfr: 

A  Practical  Manual  of  the  Extraction  and  Treatment 

of  Metals  by  Electrical  Methods. 

Being  the  *<  Elektbo-Metalluboib  "  of  Db.  W.  BORCHERS. 
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Third  Edition,  Revised,  Enlarged,  and  Re-issued.     Price  6s.  net. 

A  SHORT  MANUAL  OF 

INORGANIC  CHEMISTRY. 

BY 

A.   DUPR]£,  Ph,D.,  F.R.S., 


WILSON    HAKE,  Ph.D.,  F.I.O.,  F.C.S., 

Of  the  Westminstor  Hospital  Medical  School 

**  A  weU-whtten,  clear  and  accurate  Elementary  Manual  of  Inotsanic  Cheouttry.  .  .  . 
We  agree  heartily  with  the  system  adopted  by  Drs.  Duprtf  and  Hake.  Wiix  mass  Kxraai- 
KBMTAL  Work  trbbly  intkkbsting  bbcausb  intblugiblb.**— sS'o/wndbjr  R^vUmt, 

'*  There  is  no  question  that,  given  the  pbxfbct  6XOUin>mG  of  the  Student  In  his  ScMace» 
the  remainder  comes  afterwards  to  him  in  a  manner  mndi  mora  simple  and  eaaQy  auquiica. 
The  work  is  an  bxamplb  op  tkb  advantagbs  op  thb  Systbmatic  Trbatiomt  of  a 
Sdonoe  over  the  frafcmentaxy  style  so  generally  followed.  Bv  a  long  way  thb  bbst  of  the 
•bmU  Manuals  for  Students.'*— ^iMi/y</. 


LABORATORY  HANDBOOKS  BT  A.  HUMBOLDT  SEXTON, 

Profenor  of  Metallurgy  In  the  Qlaagow  and  West  of  Scotland  Teohnloal  Ooltoga. 


OUTLINES    OF    QUANTITATIVE    ANALYSIS. 

FOR  THB  USB  OF  STUDBIfTS. 

With  Illastrations.    Fourth  Editiok.    Crown  Sto,  Cloth,  3a. 

'*  A  ooMPACTT  labobatort  outob  fof  beginnen  was  wanted,  and  the  want  ha» 
been  WSLL  8UFPLIBD.    .    .    .    A  good  and  nsefiil  book.*'^£aiiee<. 


OUTLINES  OF   QUALITATIVE  ANALYSIS. 

FOR  THB  USB  OF  aTUDBNTS. 

With  niustrations.    Fourth  Edition,  Revised.   Crown  8to,  Cloth,  3s.  8d» 

**  The  work  of  a  thoronghlj  practical  chemist"— Britiiik  Medical  JaumaL 
M  OompUed  with  great  eare,  and  will  supply  a  wMnU^—Jommal  of  XdkbOatiotL 


ELEMENTARY   METALLURGY: 

Inolnding  the  Author's  Praotioal  Laboratory  Course.      With  inaay 
'   lUastrations.  [See  p.  66. 

Third  Edition,  Revised.    Crown  8vo.    Cloth,  6e. 
••  Just  the  kind  of  work  for  students  commencing  tke  study  of  metaUugy.** 
JPraeUeal'Bnffineer, 
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**The  aatbon  have  soocmdid  bejond  all  ezpectationa.  and  have  prodnoed  a  work  wblck 
•hoald  give  raaSH  povib  to  the  Engineer  and  Manaraeturer.'*— TA*  T%mu. 

In  Two  Vols.,  Large  8vo.    With  UluBtrations.    Sold  Separately. 
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AND    MANUFACTURERSa 

A  PRACTICAL  TEXT-BOOK. 
BERTRAM  BLOUNT,  F.I.C.,  &  A.  G.  BLOXAM,  P.I.O. 
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try  of  Lutaloation  and  Lubricants— lletalliix^al  Processes  nsed  in  tke 
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Second   Edition,   Thoroughly   Revised.     lUtiatrated.      16s. 
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General  ContenU —Sulphuric  Add  Kannfacture— Alkali  ftc.  — DestmotlTe 
Distillation —Artificial  Kanure— Petroleum— Ume  and  Cement —Clay  and 
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Paints  —  Leather,  Olue,  and  Slse  —  BzploslTes  and  Matches  —  Klncr 
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**  Certainly  a  oood  and  usBrm.  book,  eonntitiitlng  a  nuonoAL  oai»«  for  •tvdoncf  b/ 
affording  a  clear  oonoeption  of  the  aameroa«  prooeeaes  aa  a  whoi^'* "Ohtmieal  T* 


Second  Edition.     In  Large  8vo.     Handsome  Goth.    With  Soo  pages 
and  154  Illustrations.     25s.  net. 

OILS,  FATS,  BUTTERS,  AND  WAXES: 

Weilt  PREPARATION  AND  PROPERTIES,  AND  MANUFACTURE  THERE- 
FROM OF  CANDLES,   SOAPS,   AND  OTHER  PRODUCTS. 

By  C.    R.   alder  WRIGHT,  D.Sc,  F.R.S., 

Late  Lecturer  on  ChenniBlry,  St.  Mary's  Hospital  Medical  School ;  Bxaminer 
in  **  Soap  **  to  the  Gty  and  Guilds  of  Loadoa  Insutute. 

Thoronghly  Revised,  Enlarged,  and  in  Part  Rewritten 

By  C.  AINSWORTH  MITCHELL.  M.A,  F.LC. 

"Win  be  fiouad  absolittbly  indispbmsablb."— n#^md><t 
"Will  nmk  aa  the  Stamdakd  English  Authokity  oq  Oils  and  Fats  fw  aaay 
fsars  to  commJ^^ImdmsirUM  tmd  Iron, 
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With  additionaL  Tablei^  Plates,  and  Illustrations.     21a. 

POODS: 

THEIR  COMPOSITION  AND  ANALYSIS. 

Br  A.  WYNTER  BLYTH,  M.R.C.S.,  RIC,  F.C.fiL, 

Barri«ter-ftt-L»w,  Pnbllc  Analyft  for  the  Coanty  of  Devon,  and 
Medical  OfBcer  of  HeaUb  for  St.  Marjlebone. 

And  M.  WYNTER  BLYTH,  B.A.,  B.Sc.,  F.C.S. 

OsKVEAL  CowTBNTO.  — fflrtory  €«  AdultefMioft.  —  Legisi^oo.-- Ap- 
paratus.—'*  Ash.*'— Sugar.  —Confectionery.  —  Honey.  —  Xreame.  —  Jama 
and  Preserved  Fruits.— Starches.— Wheaten-Flour.  — Bread. —Oats. — 
Btetoy:-Rye.-Rice.  -Malie.-Millei.--Pot«*«»a.-Poaa.-I^tiJfc- 
fiaani—MUk.-Cream.— Butter.— 01eo-Marganne.—Ch6ee»,--Lard--. 
T&L  —Obfiee.  — Cocoa  and  Chocolate.  — AlcohoL  —  Brmdy.  — Bum. — 
Whisky.— Gin.— Arrack.—Liqueur8.— Absinthe.— Yeaet.—Bemr.— Wme- 
—  Vinegar.— Lemon  and  Lime  Juice.— Mustard.— Pepper.— Sweet  and 
Bitter  Almonds.— Annatto.— Olive  Oil.— Water  AnalyMs.— Appendix : 
Adnlteration  Acts,  &c. 

•«aiBply  mnnmABLB  in  the  Analyst*!  laborator7."^7Ae  Lanat. 

-  Anew  edWon  of  Mr.  Wyntw  BittH'i  Btandtrd  worts,  nwoBK'  ^m*  AKL^na  ««cmt 
MscovBBisB  AMD  iMFmovBiuans,  wUl  be  aecepted  m  a  booa'  ^Chtmical  Newt, 


FousTB  Bditioh.     In  Large  Svo,  Cloth,  with  Tables  and  lUnstratioBa. 
Thoroughly  Revised. 

POISONS; 

THEIR  EFFECTS  AND  DETECTION. 

By  a.  WYNTER  BLYTH,  M.R.C.S.,  F.I.C.,  F.C.S., 

Barrister-at-Law.  Public  Analynt  for  the  County  of  Devon,  and 
Medical  OfBcer  of  Health  for  St  Marylcbone. 

GBNIBRAL    CO^TSKTS. 
L— Jartstorical  Introduction.    11.— ClassiBcation— St«ti«iicft--<ktttawti«i 
balwMi  Toxic  Action  and  Chemical  Composition— Life  Teit^-G«Hf^ 
IMhod  of  Procedure— The  SpectroBcope--Examination  of  Blood  and  Blood 
filainap     UI.— Poisonous  Gases.    IV.— Acids  and  Alkalies.     V.— Mors 
or  less   VoUtile  Poisonous  Substances.     VI.— Alkaldds  aisd  FokcMt 
Vcffetoble  Principles.    VII.— Poisons  derived  from  Living  or  I>ead  Animal 
fivSaUnces.     VIII.— The  OxaUc  Add  Group.     IX.— Inorganic  Poisons. 
Appendix :  Treatment,  by  Antidotes  or  otherwiae,  of  Cases  of  Poisoning. 
"  VadMUfld^  tatf  Boir  oonnm  wonr  on  Toxkokiiy  in  oar  laDf««fm.''^2^  Am/Otm  fm 
"  Aa  a  pftACTiOAL  auiDB.  we  know  wo  Binis  work."— 3  hs  Lamcet  (on  (H  TMrd  gMMmL 

Wild  iiliniilim  And  In  the  Manlftrtetlons  of  DImwm,  have  reoeiTed  •peetat  liMKttOB. 
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-• 
With  Numerous  Tables,  and  22  Illustrations.     i6s. 

DAIRY   CHEMISTRY 

FOR    DAIRT    MANAGERS,    CHEMISTS,  AND   ANALYSTS 

A  Practical  Handbook  for  Dairy  Chemists  and  others 

having  Control  of  Dairies. 

By  H.   droop  RICHMOND,  RLC, 

CHEMIST  TO  THB  AYLESBURY  DAIRY  COMPANY. 

Contents.-^l.  Introductory. — The  Constituents  of  Milk.  11.  The  Analysis  ol 
Milk.  III.  Normal  Milk :  its  Adulterations  and  Alterations,  and  their  Detection. 
IV.  The  Chemical  Control  of  the  Dairy.  V,  Biological  and  Sanitary  Matters. 
VI.  Butter.  VII.  Other  Milk  Products.  VIII.  The  Milk  of  Mammals  other 
than  the  Cow. — Appendices. — Tables. — Index. 

".    .    .    In  our  opinion  the  book  is  the  best  contribution  ox  the  subject  that 
HAS  YST  APPEARED  in  the  English  language."— Z.aMc^/. 


Fully  Illastrated.     With  Photographs  of  Various  Breeds  of  Cattle,  ftc. 

Gs.  net. 

MILK:  ITS  PRODUCTION  &  USES. 

With  Chapters  on  Dairy  Farming,   The  Diseaaea  of  Cattle,  and  on  the 
Hygiene  and  Control  of  Supplies. 

By    EDWARD    F.    WILLOUGHBY, 

M.D.  (Load.),  D.P.H.  (Loud,  and  Camb.), 

Inspector  of  Farms  and  General  Sclentillc  Adviser  to  Welford  and  Sons,  Ltd. 

"  A  good  investment  to  those  in  the  least  intei'^sted  in  dairying.    Excellently  hound ; 

printed  on  good  paper,  and  well  illustrated,  running  to  250  paces,  the  purchaser  gets  at 

tlie  price  of  a  novel  a  work  which  will  atand  good  as  u  work  of  reference  for  some  ysars 

to  come.*'— Agricult.  Gazette. 

We  cordially  recommend  it  to  everyone  who  has  anything  at  all  to  do  with  milk."— 
Dairy  Worid.  

In  Crown   8vo,  Fully   Illustrated.      2s.  6d.  net. 
THE   LABOBATOBT   BOOK   OF 

DAIRY    ANALYSIS. 

By  H.   droop  RICHMOND,  F.I.C., 

An.'tlysi  to  the  Aylesbury  Dairy  Co  ,  Ltd. 

Contents. — Composition  of  Milk  and  its  Products. — Analysis  ot  Milk. — 
Analysis  of  Liquid  Products. — Application  of  Aniilysis  to  the  Solution  of 
Problems. — The  Analysis  of  Butler. — Analysis  of  Cheese. — Tables  for  Calcu- 
lation.— Standard  Solutions. — Index. 

''Without  doubt  the  best  contribution  to  the  literature  of  its  subject  that  has  ever  been 
written." — AUdkal  Time*. 

In  Large  8vo.     Handsome  Cloth. 

AGRKJOLTDRAL  CHEMISTRY  AND  ANALYSIS : 

A  PRACTICAL  HANDBOOK  FOR  THB  USB  OF  AGRICULTURAL  STUDENTS. 
By   J.    M.   H.    MUNRO,   D.Sc,    F.I.C.,   F.C.S., 

Professor  of  Cbemtiitry,  Downton  College  of  Agriculture. 
[In  Preparation, 
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Crown  8vo,   Handsome  Clotb,     Fully  Illustrated.      los.  6d« 

FLESH    FOODS: 

With  Methods  for  their  Chemical,  Microscopicai,  and  Baetolih 

logical  Examination. 

A  Prwrthal  Handbook  for  Medioat  Men,  Anaiyats,  inspeoton  and  otAtrt. 

By  C.  AINSWORTH  MITCHELL,  B.A.(Oxon), 

Fellow  of  th«  Institute  of  ChemUtry ;  Member  of  Council,  Society  of  Public  Annlyatt. 

WUh  Numtrow  Tables,  IllusirationSf  and  a  Coloured  Plait, 
Contents.— Structure  and  Chemical  Composition  of  Muscular  Fibre. — of 
Connective  Tissue,  and  Blood.— The  Flesh  of  Diflferent  Animals.— The  F.Tamina» 
tkm  of  Flesh.— Methods  of  Examining  Animal  Fat.— The  Preservation  of  Flerii. 
—Composition  and  Analysis  of  Sausages.— Proteids  of  Flesh.— Meat  Extracts  oaA 
Flesh  Peptones.— The  Cooking  of  Flesh.- Poisonous  Flesh.— The  Animal  Plu»- 
aites  of  Flesh.— The  Bacteriological  Examination  of  Flesh.— The  Extraction  and 
Separation  of  Ptomaines.— Index. 

**  A  conpUation  which  will  be  rooM  useful  tor  the  cUu«  for  whom  It  U  \nXtnAitd.''~^Attu$tmwm. 
**A  book  which  no  ONR  wHom  duties  involre  coniid«r«tloiu  of  food  supply  CAN  AFPOao  XO  SB 
wrrHOUT.'  —MHHicipal  Jotimal, 


In  Large  8to.    Handsome  Cloth.    With  numerona  lUostratioiii. 

Each  Volume  Complete  in  Iteelf,  and  Sold  Separately, 

TECHNICAL  MYCOLOGY: 

THE     UTILISATION    OF    laCBO-OBGANISMS    IN    THS 
ARTS   AND    MANUFACTUBES. 

A  Praetleai  Handbook  on  Hrmentatlon  and  Fermentatloe  Prooeeeee  fer  tke  Uee  ef 

BrBwere  anti  DIatlllera,  Analy8t$,  Teehnieai  and  Agrteultyrai  Chemists, 
and  all  Interested  In  the  Industries  dependent  on  Fermentation, 

Bt    Db.    FRANZ    LAFAR. 

ProffMor  of  FermentstloB-PhTBlolofy  sn4  (Baettrlology  in  th«  Toelwleil 
Hlffh  School.  TloDiuL 

With  an  Introduction  bv  Dk.  EMIL  CHR.  HANSEN,  PrinciiMa  of  Iha 

Carlaoerg  Laboratory,  Copenhagen, 

Tranblatsd   bt   CHARLES  T.    C.   SALTER. 

Vol.  L-SCHIZOMYCBTIO  FBRMBNTATION.   Uta. 

Indmdi'ng  the  Theory  qf  Fermentation,  the  PrineipUe  qf  Sterilisation,  and  Pwe 
CtUturs  Proeetses. 

Vol.  II.,  Part  L-BUMYOBTIO  FBRMBNTATION.   7s.  0d. 

TAs  Morphology t  Chemistry  Physiology ^  and  FermentaHve  Proeessee  of  the  BvamyeSleSt 
Zygomyeeieet  and  Saeoharosnycetee. 

"The  first  work  of  the  kind  which  oaa  lay  o)*im  to  oompleleDMi  in  the  trtatOMBl  of 
a  ffasolnatiag  rabjoot  Tbo  plan  U  adnilraUa,  tho  olMSifloauon  tlnple,  the  ilyld  li  good, 
and  the  tandanoy  of  the  whole  tolnmo  ta  to  oonToy  waxe  iaformauoa  to  tlM  roate'.**— 


%•  The  pabUihon  trait  that  I  ntme  long  they  wtU  bo  able  to  praeaat  IMBA  tesAms 
with  the  whole  of  the  leoond  tolouie,  arranfomente  baTing  been  oonoladod  whariby.  vp«B 
Ite  appearaaoe  In  Qermany,  the  Kngltob  tranelalioa  wfll  bo  at  oaoe  put  to  hand.  Thlaliaoir 
being  done  wltb  Part  I.,  whlob  wlU  be  Itraod  iborUy,  and  whioh  wUl  ba  followed  by  tht 
two  final  parte. 
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In  Crown   8vo,   Handsome  Cloth.      Price  7s.   6d.   net. 

F  E  R  M  E  N  T  S 

if  Text'book  on  the  Chemistry  and  Phyeioa  of  Fermentative  Changes, 
Bt   carl    OPPENHEIMEK,    Ph.D.,    M.D., 

or  the  PhysiologicAl  InatUate  ftfc  £rlaiigen. 
TRAlfSLATSD  FROM  THE  GeKMAN  BT 

C.  AINSWORTH  MITCHELL,  B.A.,  F.I.C.,  F.C.S. 

Abridobd  Contents.— Introdactlon.— Definition.— Chemical  Nature  of  Ferments.— 
Inflaenoe  of  Bxtemal  Factors.— Mode  of  Action.— Physiological  Action.— SecretloD.— 
Importance  of  Ferments  to  Vital  Action.— Proteolytic  Fermento.— Trypsin.— Bacteriolytio 
and  Haomolytic  Ferments.— Vegetable  Ferments.— Coagulating  Ferments.— Saccharifying 
Femnents.  —  Diastases.  —  Polysaccharides.  —  Bnsymes.  —  Ferments  which  decompaie 
<^lnoosides.— Hydrolytic  Ferments.— Lactic  Acid  Fermentation.— Alcoholic  Fermantftp 
tion.— Biology  of  Alcoholic  Fermentation.— Oxydases.— Oxidising  Fermentation.— Bibli- 
ography.—Index. 

"  Snob  a  Teiitable  multutn  in  parvo  has  never  yet  appeared.  The  author  has  set  himself 
the  task  of  writing  a  work  on  Ferments  that  should  embrace  human  emdittoh  on  the 
mobject"—Bietcer$  Journal.  

Crown  8vo.      Handsome  Cloth. 
[Companion  Yoiume  to  ''FERMENTS,"  by  the  same  Author.] 

TOXINES    AND    ANTITOXINES. 

By  OARL  OPPENHEIMER,  Ph.D.,  M.D., 

Of  the  Physiological  Institute  at  Eriangen. 

Translated  from  the  German   by 

C.  AINSWORTH  MITCHELL,  M.A.,  F.I.C,  RC.S. 

With  Notes  and  Additions  by  the  Author,  since  the  publication  of  the  German  Edition. 

DotUs  trith  the  theory  qf  BacUrial^  Animal^  and  Vegetable  Toxinetj  such  at 

i^tberetUint  JRiein,  Cobra  PoieoUj  die. 

Bacteriologists,  Medical  Students,  and  Scientific  Workeri  will  find  this  book 

most  valuable. 


Third  Edition.     In  Handsome  Cloth.     Fully  Illustrated. 

PRINCIPLES  AND  PRACTICE  OF  BREWING. 

FOR  THE  USE  OF  STUDENTS  AND  PRAOTIOAL  MEN. 

Br  WALTER  J.  SYKES. 

Revised  by  ARTHUR  R.  LING,  F.LC,  F.C.S., 

Editor  of  the  Journal  of  the  Institute  of  Brewing. 


In  Crown  8vo.    Handsome  Cloth. 
A     PRAOTIOAL     LABORATORY     HANDBOOK     ON 

THE   BACTERIOLOGY  OF  BREWING. 

By  WALTER  A.  RILEY,  F.O.S. 

Abridokd  CoiTTSNTS.  —  Laboratory  Handbook  and  Apparatus.  —  Sterilisation. — 
Ifntritive  Liquids.  —  Microscope,  Reagents,  Ac.  —  Methods  of  Analysis.  —  Prsctical 
Ifethods,  including  the  use  of  "Brettanomyces,"  Cider  and  Wine  Fermentations— 
Determining  Baces  of  Yeasts,  ^ftc— Practical  Notes  on  Yeast. 
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Second  £dition,  Revised  and  Enlarged. 

With  Tables,  Ulustradoiis  in  the  Text,  And  37  Lithographic  Plates.    Medioai 

8va     Handsome  Qoth.    30s. 

SEWAOE  DISPOSAL  WORKS: 

A  Gtiide  to  the  Construction  of  Works  for  tbe  Prevention  of  the 

Pollution  by  Sewage  of  Rivers  and  Estuaries. 

Bv  W.  SANTO    CRIMP,   M.Inst.CE.,  F.G.S., 

Late  Aaastaxit-Engineer,  Londoii  County  CoixnciL 
"ProbaUy  the  most  coMrLsrs  and  rssttrbatisb  00  the  subject  wlucfa  bat  appeared 
ia  our  language.**— JS'^^m^ar^rA  Medical  J cunuU. 


Beautifully  Illustrated^  wiOi  Numerous  Plates,  Diagrams,  and 
Figures  in  the  Text.     21s,  net, 

TRADES'   WASTE! 

ITS   TREATMENT   AND   UTILISATIOir. 

A  Handbook  fop  Bopough  Englneeps,  Surveyors,  Apchltects,  and  Analysts. 

By    W.    NAYLOR,    F.C.S.,    A.M.Iwst.C.E., 

Chief  Inspector  of  Rivers,  Ribble  Joint  Committee. 

Contents.— I.  Introduction.— II.  Chemical  Engineering.— m.— Wool  De-greaaing 
and  Greaae  Eecovety.— IV.  Textile  Jndnstries:  Calico  Bleaching  and  I)y6ing.-~V.  Dyeing 
and  Calico-Frinting.— VI.  Tanning  and  Fellmongery.— VII.  Brewezy  and  Distillery 
Waste.— Vin.  Paper  Mill  Refuse.— IX.  General  Trades'  Waste.- Ih1»ix. 

*^  There  is  probably  no  person  in  England  to-day  better  fitted  to  deal  radonany  with 
such  a  subject.*'— jBri<t<A  Sanitar^n. 


In  Handsome  Cloth.     With  59  Illastratlons.     6s.  net. 

A  Manual  for  the  Use  of  Manufacturers,  Insoectors,  Medical  Officers  of 
Health,  Engineers,  and  Others. 

By    WILLIAM    NICHOLSON, 

Chie  Smoke  Inspector  to  the  Sheffield  Corporation. 
Contents.— Introduction.  —  General  Legislation  against  the  Smoke  Nnisance. — 
Local  Legislation.— Foreign  Laws.— Smoke  Abatement.— Smoke  from  Boilers,  Furnaces, 
and  EiJns.— Private  Dwelling-House  Smoke.— Chimneys  and  their  Construction.  - 
Smoke  Preventers  and  Fuel  Savers.  —  Waste  Gases  from  Afetalhirgical  Faraaces.— 
Summary  and  Gouclusions.— Index. 

"This  practical  book  on  smoke  abatkmknt  ...  is  likely  to  meet  a  long-felt 
want.  .  .  .  We  welcome  such  an  adequate  statement  on  an  important  subject."  - 
BritUh  Medical  Journal. 


Second  Edition.     In  Medium  8vo.     Thoroughly  Revised  and  Re- Written. 

15s.  net. 

CALCAREOUS   CEMENTS: 

THEIR  NATURE.  PREPARATION.  AND  U8E8. 
By   gilbert   R.   REDGRAVE,   Assoc   Inst.   CE, 

Assistant  Secretary  for  Technology,  Board  of  Education,  South  Kensington, 

And  CHARLES  SPACKMAN,  F.Ca 

**  We  can  thoroughly  recommend  it  as  a  first-class  investment." — PnacHcMiCngi/uer. 
'*  We  cordially  recommend  the  book  as  the  best  on  the  subject.**— <S«rtr<|vr. 
'*  The  work  is  well  illustrated,  and  forms  one  of  the  Standard  Works  on  the  subject."— 
_n  ildtfie  Artu*. 
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With  Four  Folding  Plates  and  Numerous  Illustrations.    Large  Sro; 
88.  6d.  net. 

lOrjI^XSR     SXTPPX^Y: 

A  Praatloal  Trwtise  on  the  Mection  ofSourtea  and  the  DIttrlbatlon  of  Water, 
Br  REGINALD  K.  MIDPLETON,  M.Inst.C.E.,  M.In9T.Meoh.E.,  F.ai. 

ABRIDGED  Contents. -^IntToductory.— Requirements  as  to  Quality.— ReoolremeBt* 
as  to  Quantity.— Storage  S«servolr8.—PuriflcaUon.— Service  Keaervoira.— Tike  Flow 
of  Water  through  Pipes.  —  Distributing  Systems.  —  Pumping  Machines.  —  Special 
Requirements. 

"  As  a  onnpanlon  for  the  student,  and  a  ecus  tan  t  reference  for  the  technical  man,  w» 
anticipate  it  will  take  uu  important  position  on  the  bookshelf."— Praet»i»<  J^tgineer. 

Thibd  Editiov,  Revised.    Fully  Illustrated.    In  Two  Volumes. 

VoLuniK  I.     Price  7s.  6cl.  net. 
f«       11.— Ready  Shortly. 

THE    CHEMISTRY    OF 

GILS    Bfl:Aif xjfjlcture:  : 

A  Hand-Book  on  the  Production,  Puriflcation,  and  Testing  of  /l/uminatitig 
Gas,  and  the  Assay  of  the  Bye-Produots  of  Gas  Manufaature. 

By  W.  J.  ATKINSON  BUTTERFIELD,  M.A.,  F.I.C,  RCS., 

Formerly  Head  Chemist,  Qas  Works.  Beekton,  Loodon.  B. 
"  The  BEST  WOBR  of  its  kind  which  we  have  ever  had  the  pleaaon  of  ze« 
▼iewhug.* — JoumcU  of  O'cu  Ligktmu. 


With  Diagrams  and  111  net  rations.     Ss.  net. 

THS    ^BIKCIFLBS    OF   ITS    QENEBATION    AND    USE. 
By  F.   H.   LEEDS,   F.I.C,  F.C.S., 

Member  of  the  Society  of  Public  Analysts  and  of  the  Acetylene  Assooiotioo; 

And    W.    J.  ATKINSON    BUTTERFIELD.    M.A.,   F.I.C.,   F.aS., 

Consulting  Chemist,  Author  of  '*The  Chemistry  of  Oas  Manufacture." 

"  Brimful  of  information."— C/ifj».  Trade  Journal. 

*'  We  can  thoroughly  recommend  the  book  to  the  manufacturer  as  a  reliable  work 
of  reference,  to  the  user  ns  supplying  valuable  hints  on  apparatus  and  methods 
procedure,  and  to  the  student  as  a  safe  and  certain  gnid^" -^Aeetylene. 


Large  8vo.     Handaome  Cloth.     Price  168.  net. 

FIRE    AND    EXPLOSION    RI8K8: 

A  Handbook  of  the  Detection,  Investigation,  and  Prevention  of  Fires  and  Exploelome* 

By    Dr.    VON    SCHWABTZ. 

Translated   from   the   Revised   German   Edition 

By  C.   T.   C.   SALTER. 

Abbbidoxd  Grnbbal  CoifTBKTS.-~Fires  and  Explosions  of  a  Oeneral  Character  ~ 
Dangers  arising  from  Sources  of  Light  and  Heat.— Dangerous  Gases.— Kisks  Attending 
Special  Industries.  —  Materials  Employed.  —  Agricultural  Products.— Fats,  Oils,  ana 
Sesins.— Mineral  Oils  and  Tar.— Alcohol,  Ac— Metals,  Oxides,  Acids,  dkc— LightDlng 
Ignition  Appliances,  FireworlLs. 

"The  work  affords  a  wealth  of  information  on  the  chemistry  of  fire  and  Undrad 
topics."— Fire  and  Water. 

*'  A  complete  and  useful  survey  of  a  subject  of  wide  interest  and  vital  importance.'^' 
OU  and  Colourman's  Journal. 

LONDON:  CHARLES  GRIFFIN  &  CO..  LIMITED.  EXETER  STREET.  STRANa 


7S  0BAMLM8  QRIFFIN  S  f^.'S  PUBLICATIONS. 

Twelfth  Edition,  Revised  and  Enlarged.    Price  61; 

PRACTICAL  SANITATION: 

A  HAMD-BOOK  FOR  SANITARY  IM8PEGT0R8  AMD  0THEII8 

IIITERE8TED  III  SANITATION. 

By  GEORGE    REID,   M.D^  D.P.H., 

Mtiimt,  M^m.  C^nmciL  and  Exstmutr,  Smtuktrr  IntiiimU  9f  Grmt  Stitmimt 
m$id  MuHeml  0/jlie*r  U  M#  SUfftrdMrt  C^mUf  CmmtSL 

tniitb  an  BppenMi  on  Sanftacv  Xaw. 

By    HERBERT    MAN  LEY,    M.A.,    M.B.,    D.P.H., 

MtScal  Offiur  0fHtaUk  fifr  tht  Cpmmty  B0r9ttgk  #/  IVut  BiwmmML 
Grnbkal  Contents.  — Introduction.  — Water  Supply:  Drinking  Waiter,  PoHudon  of 
Water. — Ventilation  and  Warming.— Principles  of  Sewage  RemovaL — Details  of  Diaiaage  : 
Refuse  Removal  and  Disposal.— Sanitary  and  Insanitary  Work  and  Appliances.— Details  of 
Plumbers' Work.— House  Constructioa.— Infection  and  Disinfection.— Food,  Inspection  of: 
Characteristics  of  Good  Meat ;  Meat,  Milk,  Fish,  &c.,  unfit  for  Human  Food.— Appendix  : 
Sanitary  Law  ;  Model  Bye-Laws.  ^!:c. 

"  A  VRRY  USEFUL  HANDBOOK,  with  a  very  useful  Appendix.  Wc  recommend  it  not  oaljrto  SANtTAR> 
INSPECTORS,  but  to  Householders  and  all  ioterestcd  in  Sanitary  Matters. *-^<imUw7  RecorJ. 


At  Press.     In  Handsome  Cloth.     With  53  Illustrations. 

LESSONS   ON  SANITATION. 

By  JOHN  WM.  HARRISON,  M.R.San.L, 

Mem.  Incor.  Assoc.  Mun.  and  County  Engineers;   Surveyor,  Womb  well,  Yorks. 

CoNTEKTS  —Water  Sopplv.— Ventilation.— Drainage.—Santtary  Building  Construction.— 
li\fcctious  Diseases.— Food  Inspection. — Duties  of  an  Inspector  of  Nuisances  and  Common 
L  idffing-Houses. — Infectious  Diseases  Acts. — Factory  and  Workshop  Acts. — Housing  of 
I  lie  Working-Classes  Act.— Shop  11  ours  Acts.— Sale  of  Food  and  Drugs  Acts.— ITie  Mar- 
Karine  Acts.— Sale  of  Horseflesh,  &c..  Rivers  Pollution.- Canal  Boats  Act.— Disepse^  of 
An.mals.— Dairies,  Cowsheds  and  Milkshops  Order.— Model  BycLaws.— Miacellancous.— 
Indsx. 


Skcond  Edition,  Revised.     In  Crown  8vo.     Handsome  Cloth.    Profusely 
Illustrated.     Ss.  6d.  net. 

SANITARY   ENGINEERING: 

A  Praotical  ttanual  of  Town  Drainage  and  Sewage  and  Refuse  Diepoeal, 


Oontraotwv,  and  ttMlMita. 

By  FRANCIS  WOOD,  AM.Inst.CE.,  F.G.S., 

Borough  Engin  ;er  and  Surveyor,  Fulham ;  late  Borough  Engineer,  Bacup,  Lanes. 

aSNERAL  CONTENTS. 
Introduction.— Hydraulics — Velocity  of  Water  in  Pipes.— Earth  Prewures  and  RetatttBf 
Walls.— Powers.— House  Drainage.  -  Land  DFainage.—Seweit.— Separate  System.— Sewage 
Pampiag.— Sewer  Ventilation.— DrainaiEe  Areas.— Sewers,  Manholes,  ftc— Trade  Refuse.— 
Sewage  Disposal  Works.  —  Bacterial  Treatment.  —  Sludge  Disposal.  —  Coostnictioa  and 
Cleaaaing  of  Sewen.— Refuse  Disposal.— Chimneys  and  FoundatioBS. 
JThe  volume  bribes  with  information  which  will  b^  greedily  read  hy  thow  fa  need  of  aaristaacc.   Tta 


hnok  ts  one  that  ooifht  to  be  ou  tlie  bookshetves  of  EVERY  PRACTICAL  RNCINBBR.  *—SatUUiry  J*- 

•  A  VBRii  ABLS  POCKBT  COMPENDIUM  of  Sanitary  Enfrinecrinff.  ...  A  work  wMeh  my.  la 
•May  raspecta.  be  considered  as  COMPLETE  .  .  .  COMMBNDABLV  CAUTIOUS  .  .  INTBRBSnilC 
.    .    .    Stny^ESTlVE.-— /Vrf/ig //wAA  Sn^mtr, 
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Vol.  I.  Now  Ready.   In  Half  Morocco^  24s.  net. 

In   Two   yjiumes,  each  complete  in  itself, 

PHYSICO-CHEMICAL    TABLES 

FOR  THE  USE  OF  ANALYSTS,  PHYSICISTS,  CHEMICAL 
MANUFACTURERS  AND  SCIENTIFIC  CHEMISTS. 

Volume  I. — Chemical  Engineering,  Physical  Chemistry. 
Volume  II. — Chemical  Physios,  Pure  and  Analytical  Chemistry. 

\Shmtly, 

By    JOHN    CASTELL-EVANS,    F.I.C.,   F.C.S., 

Sapeiintendent  of  the  Chemical  Laboratories,  and  Lecturer  on  Inorganic  Chemistry  and 
MeuUurgy  at  the  Finsbury  Technical  CoU^e. 

The  Tables  may  almost  daim  to  be  exhaustive,  and  embody  and  collate  all  the  most 
recent  data  established  by  expterimentalists  at  home  and  abroad.  The  volumes  will  be 
found  invaluable  to  all  engaged  in  research  and  experimental  investigation  in  Chemistry  and 
Physics. 

*  •  The  Work  comprehends  as  far  as  possible  all  rules  amd  tablbs  required  by  th« 
Analyst,  Brewer,  Distiller,  Acid-  and  Alkali-Manufacturer,  &c.,  &c ;  and  aUo  the  prin- 
cipal data  in  Thbrmo-Chsmistry,  Electro-Chsmistrv,  and  the  various  branches  of 
CuBMiCAL  Physics.  Every  possible  care  has  been  taken  to  ensure  perfect  aocuracyi  and 
to  include  the  results  of  the  most  recent  investigations. 


In  Large  8vo.     Handsome  Olotk.    BtautifuUy  lUxutrated.     WUh 
Plates  and  Figures  in  the  Text.    21s, 

Road  Making  and  Maintenance: 

A   PBACTICAI.    TREATISE    FOB    ENGIITEEBS, 
SUBVEYOBS,     AND     OTHEBS. 

With  as  Historical  Sketch  of  Ancient  and  Modern  P&actigb« 

By  THOS.  AITKEN,  Assoc. M.Inst.O.E., 

Member  of  the  Assooiation  of  Municipal  and  County  Engineers;  Member  of  the  Suiitary 
Inst;  Surveyor  to  the  Connty  Council  of  Fife.  Onpar  Division. 

WITH  NUMEROUS   PLATES,    DIAGRAMS,    AND   lUUSTRATJONS, 

Ck>NTENT3. — Historical  Sketch.— Resistance  of  Traction. — Laying  ont 
New  Boads.  —  Earthworks,  Drainage,  and  Retaining  Walls.  —  Road 
Materials,  or  Metal. — Quarrying. — Stone  Breaking  and  Hanlaee. — ^Road- 
Rolling  and  Scarifying.  _The  Construction  of  New,  and  the  Maintenance 
of  existing  Roads. — Carriage  Ways  and  Foot  Ways. 

'*Th«  Literary  style  is  BXCSLLiiTT.  .  .  .  A  compmhinsiti  and  szcbllbvy  Modem  Book,  an 
Ur^e-DATS  work.  .  .  .  Should  be  on  the  reference  shelf  of  every  MnniclpAi  and  Oounty 
BBfflneer  or  Snnreyor  in  the  United  Kingdom,  and  of  every  Golonlel  Engineer."— TJke  Survegw. 
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Third  Edition,  Revised  and  Enlarged.     With  Illustrations.     12s.  6d. 

Painters' 
Colours,  Oils,  &  Varnishes: 

A    PSAOTIOAIi    KAXTUAI.. 

By   GEORGE    H.    HURST,    F.C.S.. 

Member  of  the  Society  of  Chemical  Industry ;  Lecturer  on  the  Teduology  of  PmiUmT 

Colours,  Oils,  and  Varnishes,  the  Municipal  Technical  School,  Manchester. 
General  Contents. — Introductory— The  Composition,  MANUPiicnixx, 
Assay,  and  Analysis  of  Pigbcents,  Wlvte,  Red.  Yeliow  and  Orange.  Oracn, 
Blue.  Brown,  and  Black— Lakes — Colour  and  Paint  Machinery — Paint  VeliidBi 
(Oils,  Turpentine,  &c.,  &c. )— Driers— Varnishes. 

"  A  THOROUGHLV  PRACTICAL  boolc,    ...    the  ONLY  English  woric  that  tatwfactorily 
treats  of  the  manuCacture  of  oils,  colours,  and  i>igments.''~CAMMS&»/  Trmdt^  ysmnmi- 

*»•  For  Mr.  Hurst's  Garment  Dyeing  and  Cleaning,  see  p.  84. 


In  Crown  Svo.     Handsome  Cloth.     With  Illustrations.     5s. 

THE  PAINTER'S  LABORATORY  GUIDE. 

A  Student's  Handbook  of  Paints,  Colours,  and  Yamishes. 

By  GEORGE  H.   HURST,  F.C.S.,  M.S.C.L 

Abstract  op  Contents.  —  Preparation  of  Pigment  Colours.  —  Chemical    Principfes 
Involved.— Oils  and  Varnishes.— Properties  of  Oils  and  Vainishes. — Tests  and  Experiments. 
— Plants,  Methods,  and  Machmery  of  the  Paint  and  Varnish  Manufactures. 
T/tis  Work  has  been  designed  l>¥  ilu  Author Jor  the  Laboratory  of  the  Technical  S^col^  amd 

n/  tht  Paint  and  Colour  tVorkt,  and /or  aU  interested  or  engaged  im  thgte  iMdutitiet. 

"  This  excellent  handbook,     .     .     .    the  model  of  what  a  handbook  should  h^.**—Oih^ 
Colours^  and  Diysaittries. 


Si^icoKD  Edition,  Kevified.    In  Crown  8vo.  extra.  With  Kumarooa  ISiistn- 
tions  and  Plates  (some  in  Colours),  including  Original  Designa.    12a.  6d. 

Painting  and  Decorating: 

A   Complete  Praottcal  Mamual  for  House 

Painters  and  Decorators. 

By    WALTER    JOHN    PEARCE, 

LKCTURKR  AT  THE  VAKCBS8TBR  TXCHKTCAL  BCBOOL  TOR  HOtHK-rAnrania  AMD  DaOmumM. 

GENERAL    CONTENTS. 

Introduction— Workshop  and  Stores— Plant  and  Appliances— Brushes  and 
Tools— Materials :  Pigments,  Driers,  Painters'  Oils— Wall  Hangings—Pa]^ 
Haodng— Colour  Mixing — Distempering — ^Plain  Paintiag— Staining— Varaish 
and  Varnishing — Imitative  Painting— Gndning — MariTJlinf  '^•'^- —  °-— 
Writing  and  liettering— Decoration :  General  frinoiplea— 1 
temper— Painted  Decoration — Kelievo  Decoration — Colour— Meaaudag  and 
Estimating— Coach-Painting— Ship-Painting. 

"A  thoroughly  useful  book     .     .     .     OOOB,  SOUND,  PRAOnOAL  unTOB- 

1U.TI0K  in  a  clkar  and  concise  wotM,^— Plumber  and  Decorator. 

^'  A  thoroughly  good  AHm  RILIilBLB  TBXT-BOOK.     .     .     .     So   WUUU  tOd 

COKPLXTE  that  it  would  be  difficult  to  imagine  how  anything  further  oould  ba 
added  about  the  Paintwr's  ccsSf^Builderlr  JwrnaL 

LOUDON:  CHARLES  GRIFFIN  «  CO.,  LIMITED.  EXETER  8TWET,  STRAND, 


CHEMISTRY  AND  TECHNOLOGY.  81 

In  Large  8vo.     Handsome  Cloth.     With  4  Plates  and  Several 
Illustrations.      1 6s.  net. 

THE    CHEMISTRY    OF    INDIA    RUBBER. 

A  Treatise  on  the  Nature  of  India  Rubber,  its  ChBmieal.and 

Physical  Examination,  and  the  I>etermlnatlon  an4 

Valuation  of  India  Rubber  Substitutes. 

Including  the  Outlines  of  a  Theory  on  Vulcanisation. 

By  carl   otto   WEBER,    Ph.D. 

"  Replete  with  scientific  and  also  with  technical  interest  .  .  .  The  section  on  phyiical 
properties  is  a  complete  resume  of  every  thing  known  on  the  subject." — India-rubber  J aumoL 

In  Large  Crown  8vo.     Fully  Illustrated.     5s.  net. 

AND  THEIR  ALLIED  PRODUCTS, 
A  Practical  Handbook  for  the  Manufacturer,  Agriculturltt,  and  Student  of  Teehnoionf, 

By    THOMAS     LAMBERT, 

Analytical  and  Technical  Chemist. 

Contents.— Historical. —Glue.— Gklatine.— Size  and  Isinglass.— Treatment  of  Efflu- 
ents produced  in  Glue  and  Gelatine  Making. — Liquid  and  other  Glues,  Cements,  &c. — Uses- 
of  Glue  and  Gelatine. — Residual  Products, — Analysis,  of  Raw  and  Finished  Products.— 
Ap»•E^Dlx.  — Index. 

"A  sufficient  account  of  modem  methods  of  working,  chiefly  from  a  practical  standpoint. 
A  Look    .    .    .    of  real  value."— CA<'«»V'rf/iV«w. 


In  Medium  8vo,  Handsome  Cloth.      Fully  Illustrated. 

PAPER    TECHNOLOGY! 

AN  ELEMENTARY  MANUAL  ON  THE  MANUFACTURE.  PHYSICAL  QUALITIES, 

AND  CHEMICAL  CONSTITUENTS  OF  PAPER  AND   OF 

PAPERMAKING  FIBRES. 

With  Selected  Tables  for  Statloneps,  Publishers,  and  Others. 

By    R.   W.    SINDALL,   F.C.S. 

'  CoNTRNTs.— Introduction.— Technical  Difficulties  relating  to  Paper.— The  Manufacture 
of  Rag  Paper,  Hand-made,  Machine-made  ;  Esparto  Papers ;  Chemical  Wood  Pulp ;  Me- 
chanical Wood  Pulp;  Wood  Pulp  Papers;  Art  Papers;  Hemp,  Jute,  and  other  Papers. — 
The  Physical  Qualities  of  Paper:  Weight,  Thickness,  Strength,  Elasticity,  &c.— The 
Chemical  Constituents  of  Paper :  Clay,  Pearl  Hardeninjij,  Gelatine,  Casein.  Kosin,  Alum, 
Starch,  Pigments,  Aniline  Dyes,  <fcc. — Chemical  Analysis  of  Paper. —Microscopical  Analy- 
sis.—Conditions  Affecting  Quality. — **CB.S.  Units."— Vegetable  Fibres  used  in  Paper- 
making.— Chemical  and  Physical  Characteristics  of  Fibres.— Cellulose.— Statistics  relating 
1 0  Papcr.—Tables.— Bibliography.— Index . 

In  La^e  8vo.    Handsome  Cloth.    With  Phites  and  Illustrations.    7s.  6d.  net 

THE   MANUFACTURE  OF  INK. 

A  Handbook  of  the  Production  and  Properties  of  Printing, 
Writing,  and  Copying  Inlts. 

By  C.  a.  MITCHELL,  M.A.,  F.I.C.,  and  T.  C.  HEPWORTH. 

General  Contents.— Historical.— Inks  and  their  Manufacture.— Writing  Inks.— 
Carbon  and  Carbonaceous  Inks.— Tannin  Materials  for  Ink.— Nature  of  Inks.— Manufacture 
of  Iron  Gall  Ink.  —  Logwood,  Vanadium,  and  Aniline  Black  Inks.  —  Coloured  Inks.— 
Examination  of  Writing  Inks.  —  Printing  Inks.  —  Early  Methods  of  Manufacture.— 
Manufacture  of  Varnish  Inks. — Preparation  and  incorporation  of  the  Pigment- Coloured 
Printing  Inks.— Copying  Ink.<(.  Marking  Inks.— Natural  Vegetable  Inks.— Safety  Inks 
and  Papers.  —  Sympathetic  Inks.  —  Ink  Powders  and  Tablets. —Appendices. —Patent 
Specifications.  &c. 

* '  Thoroughly  well  arranged    .    .    .    and  of  a  genuinely  practical  order." — British  PrmUr, 

LONDON:  CHARLES  GRIFFIN  k  CO..  LIMITED,  EXETER  STREET,  STRAND. 
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Second  Edition,  Thoroughly  Revised  Thruufjhoul,    In  Two  Large 
Volumes,     Handsome  GloUi. 

A    MANUAL   OP    DYEING: 

fOK  THE  U8£  OF  PRAOT/CAL  DYERS,  MANUFACTUBBBS.  STUOEim, 
AMD  ALL  INTERESTED  IN  THE  ART  OF  DYEIM6. 

B.  KNBCHT,  Ph.D^  F.LC.     '^  CHR.  BAWSON,  F.LC.  F.CJ8.. 

HMd  of  tlM  0h«mlati7  tmi  DydAg  OtpMtinont  of        Lftta  MmA  of  the  ChimMxf  aad  DyiiBf  OiiV^tMal 
fbo  TMhBiMl  8ohool.  MMiohMUr:  Mltor  of  "Tbo        of  tho  Toabnlvl  OoUmo.   Bmdfwd  i  mmakm 
Jo«nuloftlio8oelokrofI>7«sndGoloaiiito;''  OoandloHhoBoatotFofPrwi— dOiiiaBHrtH 

And  RICHARD  LOBWENTHAL.  Ph.D. 

GsxriRAL  CoNTiNTS.— Ohemieal  Technology  of  the  Textile  Fikfario»— 
Water— Washing  and  Bleaohfaig— Aoids,  Alkaliea»  Mordants— Natonl 
Oolonring  Matters— Artificial  Ox^anio  Colonring  Matters— Mineral  Cokmii 
-^Machinery  used  in  Dyeins — Tinctorial  Properties  of  Colonring  Matters— 
Analysis  and  Valuation  of  Materials  used  in  Dyeing,  Ac,  Ac 

"  This  anthorltattT«  and  ezhaatUv«  work  .  .  .  tb«  von  oomputs  m  hav*  yM  mtm 
-on  tlM  tabjMt'*~nar(<l<  MmimfMiunr. 


In  Large  Sco,  Handsome  Cloth,      Pp,  i-xv  +  4O0.      16s.  net. 

THE    SYNTHETIC    DYESTUFFS, 

AND 

THE  INTERMEDIATE  PRODUCTS  FROM  WHICH  THEY  ARE  DERIVED. 

By  JOHN  CANNELL  CAIN,  D.Sr.  (Manchestkk  and  TJJbihcbn), 
Technical  ChemUt, 

And  JOCELYN  FIELD  THORPE.  Pii.D.  (Heidblbero). 

Lecturer  on  Colouring  Matters  in  the  Victoria  University  of  Manchester. 

Part  L  Theoretical.    Part  II.  Practloal.    Part  III.  Analytleml. 

"  We  have  no  hesitation  in  descrli^ing  this  treatise  as  one  of  the  most  valuable  books 

that  has  appeared.    .    .    .    Will  give  an  impetus  to  the  study  of  Organic  ChemiBtfy 

generally.  —CAemico/  '1  rade  Journal. 


Companion  Vohime  Co  KiwrM  <t  Rawson's  "  Dyeing, "    In  Large  8vo, 

Handsome  Cloth,  Library  StyU.    16s,  net, 

A  DIOTIONAKY  OF 

DYES,   MORDANTS,  &  OTHER  COMPOUNDS 

USED  IN  DYEING  AND  CAUCO  PRINTING. 

With  Formula,  Propertits,  and  AppUeations  of  ths  vaHous  substaness  dsseribsd, 

and  oonclst  dirtotlons  for  thth  Oommsroial  ¥atuatlon, 

and  for  ths  Dstsotion  of  Aduitsrants. 

By  CHRISTOPHER  RAWSON,  F.I.C.,  P.C.S., 

Oonsoltlns  Chemist  to  th«  Bebar  Indigo  Planters'  AMOciatlon ;  Co- Author  of  **  A  M*aiial 

of  Dyeing ; " 

WALTER  M.  GARDNER,  F.C.S., 

Head  of  the  Department  of  Cbemlstry  and  Dyeing,  Bradford  Municipal  Technical  OoUefs: 
Editor  of  the  "  Joum.  See.  Dyers  and  Colourists : " 

And  W.  F.  LAYOOOK,  Ph.D.,  F.O.8., 

Analytical  and  Consnlting  OhenUst 
**  Tara  to  the  book  as  one  may  on  any  snbieot,  or  any  snbsunM  In  oonoMtlaB  with  the 
trade,  and  a  reference  Is  snre  to  be  fonud    The  authors  hare  apparently  left  BoMiliig  oot" 
^tBxtiii  Utrcurw. 
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THS  ThX'llLS  INDVJSTBILS.  83 

Large  8vo.    Profusely  Illustrated  with  Plates  and  Figures  in  the  Text. 

168.  net. 

THE   SPINNING  AND  TWISTING  OF  LONG 
VEGETABLE  FIBRES 

(FLAXt    HEMPt    JUTE.    TOW,    &    RAMIE). 

A  Praetloal  Manual  of  the  most  Modern  Methods  as  applied  to  the  Hackling,  Carding, 
Preparing,  Spinning,  and  Twisting  of  the  Long  Vegetable  Fibres  of  Commerce. 

Bt  HERBERT  R.  CARTER,  Belfast  and  Lille. 

Obmsral  Contents.— LoDg  Vegetable  Fibres  of  Commerce.— Rise  and  Growth  of 
the  Spinniug  Industry.— Baw  Fibre  Markets.— Purchasiog  Baw  Material.— Storing  and 
FreliminaiT  Op6ratioo8.—Hackling.— Sorting.— Preparing.— Tow  Carding  and  Mmng.— 
Tow  Combing.— Oill  Spinning.- The  Roving  Frame.— Dry  and  Demi-sec  Spinning.— Wet 
Spinning.— Spinning  Waste.— Yam  Reeling.— Manufacture  of  Threads,  Twines,  and 
Oords.— Rope  Making.— The  Mechanical  Department.— Modem  Mill  Constraction.— 
Steam  and  Water  Power.— Power  Transmission. 

"  Meets  the  requirements  of  the  Mill  Manager  or  Advanced  Student  in  a  manner 
perhaps  more  than  satisfactory.  .  .  .  We  must  highly  commend  the  work  as  repre* 
sen  ting  up-to-date  practice.'*— iV^ati#re. 

In  Large  Svo,  Handsome  Clolh^  with  I^umerous  lllustrcUiovs,      9#.  net, 

TEXTILE  FIBRES  OF  COMMERCE. 

A  HANDBOOK  OF 

The  Ooonrrenoe,  Distribution,  Preparation,  and  Industrial 

Uses  of  the  Animal,  Vegetable,  and  Mineral 

Products  used  in  Spinning  and  Weaving. 

By    WILLIAM    I.    HANNAN, 

Lecturer  on  Botany  at  the  Ashton  Municipal  Technical  School,  Lecturer  on  Cottou 
Spinning  at  the  Choriey  Science  and  Art  School,  Ac. 

With  Numerous  Photo  EngravlngB  from  Nature. 

"  UsBFDL  IvpoRsiATioy.    .    .    .    Abiurablk  li  LUSTRATIONS.    .    .    .    The  informattCMl 
ia  not  eaaily  attainable,  and  in  its  present  convenient  form  will  be  Taluable."— 7\urft. 
Recorder.  


In  Large  8yo,  vrith  lUustrations  and  Printed  Patterns.    Price  2  is. 

TEXTILE    PRINTING: 

A  FRAOTIOAI.  HAXTUAIk 
InclncUng  fhe  Processes  Used  in  fhe  Pzintlog  of 
COTTON,  WOOLLEN,   SILK,   and  HALF- 
SILK  FABEICS. 
By  C.  F.  SEYMOUR  ROTHWELL,  F.CS., 

Mem,  aoc,  of  Chemicai  Induttria;   laU  Lecturer  at  the  Municipal  TeehMteal  Bchoci^ 

.  Mamehsiter. 
OsNXRAL  Ck>NTKNTS.~Introdaotion.  — The  Maohinerj  Used  in  Textile 
Plintinff.^ThiokenerB  and  Mordants.— The  Piinting;of  Cotton  Goods.— The 
Steam  Styla-— Colours  Produced  Directly  on  the  Fibre.— Dyed  Styles.— 
Padding  Style.— Resist  and  Dischanra  Styles.— The  Printing  of  Compound 
Ookurinfla,  &c.— The  Printing  of  Woollen  Goods.— The  Printing  of  Silk 
Goods.— Practical  Beoipes  for  Printing.— Useful  Tables.— Patterns. 

**  Bt  vas  tbx  bssv  and  mosv  rsAcnoAi.  book  on  tbxtiu  pamrno  wtiioh  liaa  yet  beea 
ht  ottt,  and  wiU  long  remain  the  standard  work  on  the  sabjeot    Ik  is  oasenttally 
„— leal  in  eharacter.**— JcxIAi  Mercury. 

«« TsB  MOST  FSAOTioAL  XAiTUAL  of  TsxTiu  piniTniQ  whioh  has  yst  appeared.    We  taSTS 
no  hssitatton  In  recommending  if— 27k«  Textile  Mannfaeturer. 
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Large  8vo.     HaacUome  Cloth.     12i.  6d. 

BLEACHING  &  CALICO-PRINTING. 

A  Short  Manual  for  Students  and 
Practical  Men. 

By    GEORGE    DUERR, 

Dbvetor  of  th«  BlMching,  Dyeing,  and  Prfntinr  Depwtmftnt  at  the  Aocrtaston  and  Baeop 
Tleehnleal  Sdioola :  Chemist  and  Colonrlat  at  the  Inrell  Prtnt  W<Hte 

Assisted  by  WILLIAM   TURNBULL 

(of  Tornball  A  Stockdale.  Limited). 

With  lUostratioiuraiid  upwards  of  One  Hundred  Dyed  and  Printed  FatlagrDa 
designed  specially  to  show  various  Stages  of  the  Processes  described. 

QEN£RAL  CONTENTS.— Cotton,  Composition  of;  Blbachdto,  New 
Piooesses ;  Printing,  Hand-Block ;  Flat-Press  Woik ;  Hachine  Printiag^— 
l^dBDANTB— BTTL1S3  OF  Calico-Printing  :  The  Dyed  or  Madder  Style,  Bsmst 
Padded  Style,  Dischax^e  and  Extract  Style,  Chromed  or  Haised  Coloiin, 
Insoluble  Colours,  &c.  —  Thickeners  —  Natural  Orstmic  Colouring  Matten 
—Tannin  Matters  —  Oils,  Soaps,  Solvents —Organic  Acids— Salts — Mineral 
Colours— Coal  Tar  Colours— Dyeing— Water,  Softening  of— Theory  of  ..Odours 
—Weights  and  Measures,  Ac. 


**  When  a  rsadt  wat  out  of  a  difflcnlty  la  wanted.  It     is  books  likb  ¥EI8  that  it  la  i 
TmiUe  Beeorder. 

"Mr.  DuBaa'8  work  will  he  found  mosv  VBMtVL.    .    .    .   The  Infonnatlon  idTea  la  ofOBBAff 
TAiiOB.    .    .    .    The  Reclpea  are  THOBOceaiT  paACTiCAL"— TM(il«  JToMi/luliirflr. 


Second   Edition.      Revised  and  Enlarged.     With  Numerous 
Illustrations.     4s.  6d. 

GARMENT      . 
DYEING    AND   CLEANING. 

A  Practical  Book  for  Practical  Men. 
Bv     GEORGE     H.     HURST,    F.C.S., 

Member  of  the  Society  of  Chemical  Induatry. 

General  Contents.— Technology  of  the  Textile  Fibres — Garment  Oeaning 
*-Dyeing  of  Textile  Fabrics— Bleaching— Finishing  of  Dyed  and  Cleaned  Fabric!— 
Socmring  and  Dyeing  of  Skin  Rugs  and  Mats— Cleaning  and  Dyeing  of  Feadiecs— 
Glove  Cleaning  and  Dyeing — Straw  Bleaching  and  Dyeing — Glossary  of  Drugs 
«nd  Chemicals— Useful  Tables. 

'  *'  An  UF^^o-DATB  hand  book  has  long  been  wanted,  sad  Mr.  Hurst  has  deae  nelllfiBt 
more  complete  than  this.  An  important  work,  the  more  so  that  several  of  the  tanusehcs  of 
the  craft  here  treated  upon  are  almost  entirely  without  English  Mamials  for  Ae  gs^noe 
of  worker*.    The  price  brings  it  within  the  reach  of  alL**— />>vr  «tul  C^Uice-Prmttr, 

"  Mr,  Hurst's  worx  decidedly  fills  a  want    .    .    .    ought  to  be  is  the  haaA  of 
Stsav  GARMBNT  OTBR  and  Cleaner  in  the  Kingdmn"— TVjrA'/r  iftrcury. 
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Boys  COULD  HOT  HAVB  A  MORB  ALLUKma  INTRODUOTIOM   tO  ■cientlflc  panultt 

titeaa  ehanDlD0-kx>UiM[  volumes."— Letter  to  the  Publishen  from  the  Hecd> 
of  one  of  our  great  PobUc  ScUooIb. 

HandBome  Cloth,  78.  6d.     Gilt,  for  PreBentation,  Ss.  6d. 

OPEK'AIH  STUDIES  I]l  B0TA]1Y: 

SKETCHES    OF   BRITISH    WILD    FLOWERS 

IK  THEIR  HOMES. 
By  R.   LLOTD   PRAEGER,  B.A.,  M:.R.I.A. 

ninstrated  by  Drawings  from  Nature  by  S.  Rosamond  Praesrer. 
and  Pnotographs  by  R.  Welch. 
QKinnuii  CoNTBNTS. — A  Daisy-Starred  FaBture--Under  the  Hawthonw 
— ^By  the  River — Albng  vhe  Shingle — A  Fragrant  Hedgerow— A  Gonnemara 
Bte — ^Where  the  Samphire  mm^ — A  Flowery  Meadow — Among  the  G<kni 
(a  Stady  in  Weeds)— in  the  Home  of  the  Alpinea— A  City  Rnbbish-Heap— 
Glossary. 

"A  VUHH  AID  ssDEULAznia  book   .    .    .    should  take  a  high  plaoe    .    .    .    The 
niustratioiis  are  drawn  with  mnoh  akill."^TAe  TUmn.  .  ^ 

**  BiAUTiFUUiT  ILLIJBTBAXID.     .     .     .     One  Of  the  ^OST  ACCURATE  as  wsll  as 
VKTXKBBnxQ  books  of  the  kind  we  have  seen."— ^tA«n«ntm. 

"Redolent  with  the  acent  of  woodland  and  meadow."— TJ^  Standard. 


Wfth  12  Full-Page  llluatmtiona  from  Photographs.    Cloth, 
Second  Edition,  Revised,     8b,  6d. 

QPU'ROi  STUDIES  I]l  GEOItOGY: 

An  Intpoduetion  to  Geology  OutHit-doon. 

'  Bt   GRENVILLE  a.  J.  COLE,  F.G.S..  M.R.I.A., 

ProfeMor  of  Geologjr  in  the  Boyal  College  of  Science  for  Ireland, 
and  Sastoiiner  in  the  Univenity  of  London. 

GnnraAL  GoRnim.— The  Materials  of  the  Earth— A  Mountain  HoUow 
— Down  the  Valley— Alrag  the  Shore— -Across  the  Plains — Bead  VolcaBoei 
-^A  Giaoite  Higmand— The  Annals  of  tiie  Earth— The  Surrey  Hills— The 
Folds  of  the  Mountains. 

**Xhe  rAwavATmo  'Onv-Aia  Stumbs*  of  PRor.  Oolb  glre  the  sabjeot  a  glow  or 
AJfncATiOH    .    .    .    cannot  fall  to  Arouse  keen  intereat  in  geology."— (7eoto^tea/  Magatmt. 

**A  OBABxnro  book,  beaatifnlly  iilaBtrat6d.'*-iirA«iueifm. 

Beautifully  lliuetmted.     With  a  Prontlepiece  in  Coioura,  and  Numerous 
Specially  Drawn  Ptatee  by  Charles  Whymper,    7s.  6d. 

OPEI!-flIK  STUDIES  H!  BI^D-MFE: 

SKETCHES  OF  BRITISH  BIRDS  IN  THEIR  HAUNTS. 

By    CHARLES    DIXON. 
The  Spaekms  Air.— The  Open  Fields  and  Downs.— In  the  Hedgerows.— Oik 
Open;Iieath  and  Moor.— On  the  Mountains.— Amongst  the  Evergreens.— 
Oopse  and  Woodland.— By  Stream  and  Pool.— The  Sandy  Wastes  and  Mud- 
flats.—Sea-laved  Roeks.- Binkof  tiie  Cities.— Ikdbx. 
."Emicbed  with  excellent  illustrations.     A  welcome  addition  to  all  libraries."— ff^/x/- 
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Twenty-second  Annual  Issue.    Handsome  oloth,  Ta.  9d, 
(To  SubscriberSf  6s.). 

THE     OFFICIAL     YEAR-BOOK 

or  THB 

SCIBMTinC  AND  LEARNED  SOCIETIES  OF  GREAT  BRITADI 

AND  IRELAND. 

OOXPILXD  VBOK  OmOIAL  80UB0B8. 

GompriBlng  {together  with  other  Offioial  Information)  U8T8  •/  tke 
PAPERS  read  during  the  Seaaion  1904-1906  before  all  the  UEAOIM 
SOCIETIES  throughout  the  Kingdom  engaged  in  the  following  ^ 
mente  of  Reeearoh  ;— 

f  I.  ScMBoeGenenDy:  /^.,  Sodedei  occapf- 
m^  themselvw  with  levenl  Branches  oC 
Soenoe,  or  with  Sdence  and  literatura 

f  ■.  WSfhiwwfici  and  Phyaict. 

I  s.  Chamistiy  and  Photogmpfar. 

§4.  Sfology,  Geography,  and  Mineralogy. 

is.  Biology,  nKiwdtng  Micraioopy  and  An- 


§6.       

I  7.  If  eduuucal  Sdence, 


I  8.  Naval  and  AfilitaiTScMBoe. 
I  9.  Agricnltim  and  Hor 
f  la.  Law. 
fit." 


I«3- 

1x4.   IIBDICIMS. 


fsa.  psychology. 


"Fills  a  very  real  want." — Efigituering. 

"  Indispensable  to  any  one  who  may  wish  to  keep  himself 
abreast  of  the  scientific  work  of  the  day." — Edinburgh  Mtdkml 
/aumai, 

"  The  YbaBfBook  of  Socbtrs  b  a  Reooid  which  ought  to  he  of  the  grenfUwefa 
Oie  ynmrnm  of  Sdence."— ^#frf  Pktxfidr,  FJtJL^  X,C»B^  M^^  Fmi-frSSCuTX 
3rUiakA9t§ekU%m.      "~ 

"It  goee  ahnott  without  aayinc  that  a  Haadhook  of  thia  loliecl  will  ho  ii  tiae 
one  of  the  moet  generally  mefal  worfci  for  the  Uhrary  or  the  detk.**— yA#  TVaan. 

"Britiah  Sodetiei  are  now  weU  repreaeatea  In  the  'Yeai^Book  of  the  Sdeodfte  Md 
Learned  Sodetiei  of  Great  Britain  and  li«IaSr"*-<Art.  "Sodetiea'*  in  Ne 
"Encydopadia  Britannica,'*  voL  xxiL) 


Copies  of  the  First  Issue,  giving  an  Account  of  the  Histoiy, 
Ox]g^mization»  and  Conditions  of  Membenhip  of  the  various 
Societies,  and  formmg  the  groundwoik  of  the  Series,  msf  still  be 
had,  price  7/6.    Also  Copies  of  the  Issues  following. 


The  VRAM-Booi^^ocivTiBS  fomu  a  complete  index  to  twb  aciEWTiwc  wokk  oTthe 
<eetiomn^5n^E?vanoS^Repartments.  It  is  need  as  a  Hanobook  in  all  our  gnst 
ScmtTiFtc  CvNTKBS,  MussvMS,  and  Libkakibs  tfiroughout  the  Kingdon,  and  hat  hecoae 
an  iwpisPEWBABtB  BOOK  OF  BBFBBBWCB  to  every  one  engaged  in  Sdentalic  Work. 

READY  IN  OCTOBER  EACH  YEAR. 

LONDON:  CHARLES  GRIFFIN  ft  CO.,  LIMITED.  EXETER  STREET.  STRARa 


6'iafl'lb71bh3 


lllplllllliilill 

B89089671663A         'i. 


ii  book  mai 


1 


A'10A'1b'12AA3 


b89089692883a 


-^ 


